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Abstract 

 

Coronary artery disease is the leading cause of mortality and morbidity worldwide. Coronary 

artery bypass grafting operations have been performed as a treatment for this disease for over 

60 years. There has been recent interest in the exclusive use of arterial grafts as conduits for 

this operation, in particular bilateral internal mammary arteries, on account of their longevity. 

However, there still exists significant variability in grafting strategy amongst cardiac surgeons 

and there remains controversy as to the optimal grafting configuration for a given patient. This 

is due to the complexity of the biophysics of a particular individual’s coronary circulation and 

the resulting degree of uncertainty facing a surgeon.  

 

The overall aim of this thesis was to investigate whether predictive patient-specific 

computational modelling could aid cardiac surgeons in their selection of grafting 

configurations using bilateral internal mammary and radial arteries for patients with severe 

triple vessel disease. In particular, the purpose was to avoid the selection of unsatisfactory 

grafting configurations that would result in grafts with limited patency due to competitive flow 

and/or steal of flow. 

 

This study was conducted by recruiting 16 cardiac surgeons (8 experts and 8 novices). 

Surgeons selected their preferred grafting configuration for each of 5 patients, including an 

anaortic technique which could be performed without the need for cardiopulmonary bypass. 

Five patient-specific 1D-0D lumped parameter computational models were created to compare 

12 total arterial grafting configurations used internationally. The hemodynamic predictions 

included mean graft flows, pulsatility index and degree of regional myocardial perfusion 

restored. Surgeons then selected their preferred grafting configurations after viewing the 

computational data. 
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The use of computational models led to a significant decrease in the selection of unsatisfactory 

grafting configurations using anaortic techniques. It also resulted in more patient-specific 

tailoring of individual grafting configurations for these techniques. Computer modelling 

informed novices were more likely to choose optimal grafting configurations whereas experts 

were content with satisfactory grafting configurations. Novices were also more likely than 

experts to be influenced by the computer model in selecting grafting configurations that they 

would usually avoid the use of. 

 

The 1D-0D predictive patient-specific models demonstrated that the arterial grafting 

configurations using composite and sequential grafts are patient-specific. Based on these 

results it is concluded that grafting configurations should be adjusted specifically for each 

patient. The use of computer modelling can aid surgeons in making better decisions for patients 

particularly in the context of more technically challenging anaortic operations that use bilateral 

internal mammary and radial arteries in patients with triple vessel disease.  
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Chapter 1: Introduction 

 

1.1 The significance of coronary artery bypass grafting surgery 

Ischemic heart disease, due to atherosclerotic coronary artery pathology, is ranked number one 

in the global burden of disease in terms of causing the greatest morbidity and mortality 

(Mathers and Loncar 2006). Coronary artery bypass grafting (CABG) is a surgical treatment 

first performed in 1960 for coronary artery disease (Goetz, Rohman et al. 1961). It continues 

to be one of the most common operations performed by cardiac surgeons, with an estimate of 

more than one million procedures performed every year worldwide (Zimmermann, Gams et al. 

2008). The significance of research in the field is exemplified by the metric that 40 out of the 

top 100 cited publications in the cardiac surgery literature focus on the topic of coronary artery 

bypass graft surgery (O’Sullivan, Kelly et al. 2015).  

 

With the advent of stenting, cardiologists increasingly treat simpler cases and cardiac surgeons, 

in turn, are increasingly operating on patients with more complex multi-vessel disease that 

requires multiple bypass grafts. The purpose of a CABG procedure is to use these bypass grafts 

to redirect flows down the major epicardial and intramyocardial coronaries past significant 

blockages in order to restore perfusion to the myocardium (Figure 1.1).  

 

Figure 1.1 CABG procedure to bypass coronary artery stenoses 
In this figure, there is a saphenous vein graft that has been sewn onto the aorta at one end and onto a coronary 

artery at the other end. There is also a left internal mammary artery graft that has been sewn onto the left anterior 

descending coronary artery past a plaque blockage in this vessel 
Figure reprinted from Blausen.com staff (2014). 'Medical gallery of Blausen Medical 2014'. WikiJournal of Medicine 1 (2). 

DOI:10.15347/wjm/2014.010. ISSN 2002-4436  with open access permission under CC BY 3.0  
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The aim of this operation is for these bypass grafts to have longevity in fulfilling their role, 

otherwise known as graft patency. Clinical studies have demonstrated that up to 20% of grafts 

fail within 5 years of surgery and 50% within 10 years (Canver 1995). Graft patency is affected 

by a multitude of factors in the short-term and long-term. Short-term factors are mainly due to 

surgeon error in technique or decision-making whilst longer term factors are based on 

endothelial dysfunction leading to progression of disease in the grafts and native circulation 

(Dur, Coskun et al. 2011). 

 

Despite the 60-year history of the CABG surgical procedure, there is still significant variability 

amongst the decisions made by coronary surgeons regarding their preferred grafting strategy 

for a given patient (Buxton and Galvin 2013). In situations where there is a lack of quantifiable 

data available, experts tend to make decisions based on intuition, heuristics and experience 

which leads to discordant opinions (Bhushan and Rai 2007).  

 

The biophysics of the native diseased coronary circulation is complex, dynamic and highly 

patient-specific. However, the actual quantified flows achieved down the native coronary 

vessels before and after coronary bypass grafting is not part of the feedback that cardiac 

surgeons receive following an operation. This is in contradistinction to the hemodynamic 

feedback a surgeon receives following the performance of valve surgery, such as the 

measurement of a gradient across the valve. Recent advancements in technology have allowed 

for flows down the bypass grafts themselves to be measured intraoperatively but this is not 

routinely performed. Therefore, distinguishing between satisfactory, optimal and 

unsatisfactory hemodynamic results for a patient undergoing coronary artery surgery is not 

currently a part of routine clinical practice.    

 

Additionally, experience does not always lead to better decision making by experts in 

environments where learning from experience is not readily possible (Dawes, Faust et al. 

1989). This is due to the absence of accurate and timely feedback. Cardiac surgeons often cite 

results from clinical studies on historical patients or guidelines to form heuristics while also 

incorporating their own experience from operating on historical patients when determining a 

grafting strategy for a particular patient with their own unique circulation. This approach 
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neglects the patient-specific nature of the diseased coronary circulation and may lead to the 

selection of grafting strategies that result in poor graft patency. 

 

1.2 Outline of thesis 

A background and literature review are firstly undertaken in Chapter 2 to determine the current 

evidence for total arterial grafting strategies in patients with severe triple vessel disease. In this 

chapter the nature of the decision-making process for selecting grafting strategies is also 

explored and the existing computational models for CABG are reviewed. The research 

objectives are declared in Chapter 3. In Chapter 4, the materials and methods used to conduct 

the research study are outlined. This includes the construction of 1D-0D lumped parameter 

computational models, their analysis of grafting configurations and the study for their use 

amongst a cohort of surgeons. In Chapter 5, the results of the different facets of the study are 

presented which include verification and validation of the computational models as well as the 

results of the study involving surgeons. In Chapter 6, the thesis concludes with a discussion of 

the findings with respect to the existing literature including limitations and discussion of 

potential future directions
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Chapter 2: Background and Literature Review  

 

2.1 Introduction  

In undertaking this background and literature review the aims were to: (i) examine the 

evidence for total arterial revascularisation using bilateral internal mammary arteries (BIMA) 

and radial arteries (RA); (ii) determine the spectrum of grafting configurations used for triple 

vessel disease using BIMA and RA; (iii) review the existing qualitative and quantitative 

(functional) methods in assessing outcomes following CABG; (iv) analyse the qualitative and 

quantitative outcomes comparing total arterial grafting configurations using BIMA and RA; 

(v) review the existing literature on decision-making theory applicable to selecting grafting 

configurations amongst experts and novices; (vi) evaluate the existing published literature on 

computational models for CABG. 

 

 

2.2 Total arterial coronary artery bypass grafting using BIMA 

 

2.2.1 Historical aspects of conduit use 

During the 1960s and 1970s, the first use of the most frequently utilised conduits today were 

reported. The first successful CABG operation in the world was performed in 1960 using an 

internal mammary artery (IMA) conduit which was anastomosed to a coronary artery using a 

tantalum ring (Goetz, Rohman et al. 1961). In 1964, the first successful CABG performed using 

a suturing method was completed with a left internal mammary artery (LIMA) to left anterior 

descending (LAD) artery anastomosis (Konstantinov 2004). In 1967, the successful use of the 

saphenous vein graft (SVG) was reported, and this vessel became the graft of choice for the 

operation for many years (Favaloro 1968). In 1973, the radial artery was first used as an arterial 

conduit, however its use was quickly abandoned due to a high rate of occlusion (Carpentier, 

Guermonprez et al. 1973). In 1974, the use of bilateral internal mammary arteries was first 

described (Barner 1974). 

 

The great saphenous vein which is harvested from the lower leg or thigh has been associated 

with a low patency compared to arterial conduits. Although it has a greater diameter and 
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potential for a very long length of conduit, it is prone to early and late occlusion. The occlusion 

rate due to postoperative graft thrombosis within 6 months is up to 12% (Kim, Marhefka et al. 

2013). Moreover, as the vein graft is exposed to arterial pressure there is often early 

development of fibrointimal hyperplasia which progresses to atherosclerotic stenoses within 

the graft and thus a poor long-term patency with 10-year failure rates up to 50% (Caliskan, De 

Souza et al. 2020).  

 

The internal mammary artery is surgically procured from inside the chest wall where it runs 

parasternally (Figure 2.1). It possesses endogenous properties rendering it particularly resistant 

to developing arteriosclerosis thus making it the most favourable conduit to use for a bypass 

graft. Histologically it has more elastic laminae than other arterial conduits and therefore it is 

less susceptible to spasm than its more muscular artery counterparts such as the radial artery. 

Furthermore, the endothelium produces nitric oxide (NO) which helps maintain vascular 

relaxation (Taggart, Balacumaraswami et al. 2009). The left internal mammary artery has 

received the most attention with its preferential use to the LAD, achieving patency rates 

exceeding 99% at 10 years (Sabik III, Lytle et al. 2005). The right internal mammary artery 

(RIMA) is histologically identical and slightly larger in diameter, particularly in right hand 

dominant individuals and thus should achieve similar patency rates (Tatoulis 2013).  

 

 

Figure 2.1 Internal mammary artery harvest during CABG operation 
In this photo the left internal mammary is being harvested, facilitated by a retractor elevating the left hemi-sternum 
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The use of the radial artery was revived in 1992 (Acar, Jebara et al. 1992) due to better surgical 

techniques for harvesting, preservation and use on appropriate native coronary artery targets. 

This artery is harvested from the forearm, generally from the side of the non-dominant hand 

due to a small risk of paresthesias (Figure 2.2). However, some centres around the world use 

bilateral radial arteries when needed. The use of a radial artery is limited in a patient who has 

an incomplete palmar arch meaning that the ulnar artery cannot take over the function of the 

radial artery if it were to be surgically removed. It may also be unavailable for use as a conduit 

if the interventional cardiologists have used it as an access route for performing an invasive 

coronary angiogram as this causes endothelial damage (Antonopoulos, Latsios et al. 2017). On 

account of it being a muscular-type artery, the radial artery is more prone to spasm and thus 

there are concerns regarding competitive flow which can manifest as a ‘string sign’. This term 

refers to the shrivelled-up appearance on coronary angiography of a non-functioning arterial 

graft. Consequently, surgeons caution the use of a radial artery whose diameter is less than 

2mm and advise against its use for native coronary stenoses less than 70% diameter in the left 

coronary territory or less than 90% in the right coronary territory (Buxton and Hayward 2013). 

However, when used correctly, less than 1% of radial arteries will have a string sign and the 

long-term patency can approach 80% (Achouh, Isselmou et al. 2012).  

 

In terms of other arterial conduits, the use of the right gastroepiploic artery (RGEA) is limited 

to a small number of specific international centres (Suma, Tanabe et al. 2007). Although it can 

be used to reach targets on the inferior wall, it requires diaphragmatic opening during its harvest 

and is prone to spasm and issues with competitive flow (Kim, Kim et al. 2010). The inferior 

epigastric artery also requires abdominal harvest and tends to be short while the ulnar artery is 

extremely close to the ulnar nerve (Marasco 2016). For these reasons, the preferred arterial 

conduits are the internal mammary and radial arteries. 

 



Chapter 2: Background and Literature Review  7 

___________________________________________________________________________ 

 

 

 

 

 

 

 

 

 

 

(A) 

 

 

 

 

 

 

 

 

 

(B) 

 

 

(C) 

Figure 2.2 Radial artery harvest and use during a CABG operation 
In these intraoperative photographs, (A) the left radial artery is being harvested, (B) it is being checked on the 

back table for leaks, and (C) it is being sewn onto an epicardial coronary artery  
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2.2.2 Current status and rationale for total arterial CABG using BIMA 

In a contemporary meta-analysis, which included a total of 22,746 patients who underwent 

CABG from the years 2012 to 2020, total arterial revascularisation demonstrated the best long-

term clinical outcomes when compared with strategies using a combination of arterial grafts 

and veins (Rayol, Eynde et al. 2021). More specifically, use of BIMA in CABG has been found 

to be an independent predictor of improved long-term survival, freedom from angina and 

decreased need for reintervention on several meta-analyses (Yi, Shine et al. 2014, Buttar, Yan 

et al. 2017). Therefore, routine BIMA use has been advocated in recent guidelines for 

myocardial revascularisation (Aldea, Bakaeen et al. 2016). 

 

However, the worldwide use of BIMA varies between 3.7% and 64% (Gaudino, Bakaeen et al. 

2018). There is concern amongst surgeons of an increased risk of sternal wound infection due 

to decreased sternal perfusion. This is particularly the case in obese patients who have increased 

body mass index (BMI), those with poorly controlled diabetes and those with chronic 

obstructive pulmonary disease (COPD). A recent study found an approximately threefold 

increase in wound infections from 0.6% to 1.9% (Taggart, Gaudino et al. 2020). However, even 

in low-risk patients in North America, BIMA use is only 6% of cases, compared with a use of 

3% in high-risk cases (LaPar, Crosby et al. 2015). The other reasons for not using BIMA are 

the unfamiliarity with using the RIMA as a conduit, as well as the additional operative time it 

takes to harvest both internal mammary arteries (Catarino, Black et al. 2002, Puskas 2012).  

 

Triple vessel coronary artery disease involves significant coronary artery stenoses in each of 

the three main coronary territories: the left anterior descending (LAD), the left circumflex 

(CIRC) and the right coronary artery (RCA). Increasing the number of arterial grafts used leads 

to better long term outcomes as evidenced by a number of studies showing the incremental 

benefit of additional arterial grafts on long-term survival, particularly in triple vessel disease. 

There is a trend for better survival when RA is used with BIMA instead of an additional SVG 

(Grau, Kuschner et al. 2016), however not all authors have found this as the RA is often grafted 

to the least important myocardial territory (Mohammadi, Dagenais et al. 2016). 
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2.2.3 Grafting configurations 

 

2.2.3.1 Definitions of arterial graft constructs 

There are various ways in which the arterial conduits using LIMA, RIMA and RA can be 

configured to achieve total revascularisation for a patient. Each conduit can be described by its 

proximal (inflow) connection and its distal (outflow) connection. An in situ IMA is one that 

maintains its native proximal origin off the subclavian artery but has been divided in its distal 

portion to be anastomosed to a coronary artery. A free IMA graft has been divided both 

proximally and distally. By virtue of its natural location in the forearm, a radial artery, by 

definition, will always be used as a free graft. A separate or individual graft will only have one 

anastomosis at its proximal end and one anastomosis at its distal end and this distal anastomosis 

is performed in an end-to-side fashion on the coronary target. An I-graft is a method to elongate 

a graft by sewing another conduit to the distal end of the existing graft in an end-to-end manner. 

A jump graft (J-graft) is considered to have its proximal and distal connections to a coronary 

artery, thus representing a coronary-to-coronary graft. 

 

A sequential graft employs a single graft that will have one anastomosis at its proximal end, 

but at least one side-to-side anastomosis to a distal coronary target in its mid-portion prior to 

the last anastomosis terminating in end-to-side fashion on the final coronary target (Flemma, 

Johnson et al. 1971). A composite graft will comprise of an additional graft being anastomosed 

to an individual graft in an end-to-side fashion (Y-graft or T-graft) or a side-to-side fashion (K-

graft) (Nakajima, Kobayashi, Funatsu et al. 2007). Any grafting configuration that involves a 

graft being proximally anastomosed to the ascending aorta is termed an aortic configuration, 

whereas if the ascending aorta is spared then it is an anaortic configuration.  

 

2.2.3.2 Aortic configurations 

In order to exclusively use only bilateral internal mammary arteries without need for use of an 

additional radial artery for triple vessel coronary disease, one grafting configuration described 

recycles the free RIMA for use to the RCA by using it off the aorta while using a LIMA and 

RIMA composite graft for the left-sided vessels (Paterson, Naidoo et al. 2013) (Figure 2.3). 

Less technically demanding configurations can use the RA off the aorta, to allow both IMA to 
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be used in situ, with 3 separate inflows. The RIMA can be used in situ via the transverse sinus 

to the CIRC branches (Lev-Ran, Matsa et al. 2015) (Figure 2.4). The RIMA can also be used 

in situ to the distal RCA or proximal PDA (Parsa, Daneshmand et al. 2011) (Figure 2.5). If the 

RIMA is used for the LAD, then the LIMA is available to go to the CIRC branches (Hayward, 

Hare et al. 2007, Parsa, Daneshmand et al. 2011, Vallely, Edelman et al. 2013) (Figure 2.6). 

These four commonly used aortic configurations described can be performed on 

cardiopulmonary bypass with the heart arrested. They may also be performed as off-pump 

coronary artery bypass grafting (OPCABG) procedures without the use of the cardiopulmonary 

bypass machine while the heart is still beating. However, this approach still mandates 

manipulation of the aorta to perform a proximal anastomosis with either a side-biting clamp or 

a proximal partial occlusion device to enable a hand-sewn anastomosis (Vicol, Oberhoffer et 

al. 2005).  

 

 

Figure 2.3 Aortic configuration 1 
In this grafting configuration there is an in situ LIMA to LAD, free RIMA Y (off LIMA) to OM and free RIMA 

(off aorta) to PDA  
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Figure 2.4 Aortic configuration 2 
In this grafting configuration there is an in situ LIMA to LAD, in situ RIMA to OM (via the transverse sinus) 

and free RA (off aorta) to PDA   

 

 

 

 

 

 

Figure 2.5 Aortic configuration 3 
In this grafting configuration there is an in situ LIMA to LAD, free RA (off aorta) to OM and in situ RIMA to 

PDA   
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Figure 2.6 Aortic configuration 4 
In this grafting configuration there is an in situ RIMA to LAD, in situ LIMA to OM and free RA to PDA   

 

2.2.3.3 Anaortic configurations 

Anaortic configurations have the option of being performed with a no-aortic touch technique 

using OPCABG. The main advantage of this technique is a reduction in stroke risk and other 

complications associated with cardiopulmonary bypass (Ramponi, Seco et al. 2021). The use 

of anaortic CABG has thus been recommended in the European guidelines for myocardial 

revascularisation (Sousa-Uva, Neumann et al. 2019). However, these procedures are 

technically more challenging for triple vessel disease as they require the routine use of a 

combination of composite and sequential grafts.  

 

A composite Y-graft can be constructed using the RA off the in situ LIMA to LAD and if the 

in situ RIMA cannot reach the RCA target then it can be lengthened by a small I-graft with the 

remaining RA (Puskas, Yanagawa et al. 2016) (Figure 2.7). However, other authors contend 

that reaching the PDA with an in situ RIMA is always possible (Tatoulis, Buxton et al. 2011). 

In another configuration, it is the RIMA that is involved in the Y-composite graft which spares 

the LIMA to be used as an individual graft (Prapas, Pangiotopoulos et al. 2019) (Figure 2.8). 

Some surgeons perform a double-Y graft to revascularize all three territories and this is based 
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on a single inflow (Muneretto, Negri et al. 2003, Mannacio, Cirillo et al. 2015, Taggart 2018) 

(Figure 2.9). Another composite approach that is used commonly by surgeons, that is based on 

a single inflow that only requires use of BIMA and no RA, is a configuration that uses the free 

RIMA as a sequential graft (Al-Attar and Nataf 2006, Paterson, Naidoo et al. 2013) (Figure 

2.10). A variety of other configurations that only use BIMA exclusively for triple vessel disease 

have been described (Sauvage, Rosenfeld et al. 2003, Bakay, Onan et al. 2013). However, there 

are concerns regarding use of the BIMA past their bifurcations where the vessels have higher 

contractility and smaller diameters and thus are more susceptible to spasm (Sahar, Shavit et al. 

2015). Therefore, the additional use of RA, when required, can be beneficial. 

 

 

Figure 2.7 Anaortic configuration 5 
In this grafting configuration there is an in situ LIMA to LAD, free RA Y (off LIMA) to OM and in situ RIMA 

to PDA   
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Figure 2.8 Anaortic configuration 6 
In this grafting configuration there is an in situ LIMA to LAD, in situ RIMA to OM and free RA Y (off RIMA) 

to PDA  

 

 

 

     

Figure 2.9 Anaortic configuration 7 
In this grafting configuration there is an in situ LIMA to LAD, free RIMA Y (off LIMA) to OM and free RA Y 

(off RIMA) to PDA (“Double Y”)   



Chapter 2: Background and Literature Review  15 

___________________________________________________________________________ 

 

 

Figure 2.10 Anaortic configuration 8 
In this grafting configuration there is an in situ LIMA to LAD and free RIMA Y (off LIMA) to OM sequential to 

PDA   

 

 

The appeal in using both internal mammary arteries as in situ grafts, has led surgeons to using 

the RA as an I-graft to lengthen the RIMA and configuring it as a sequential graft to anastomose 

the CIRC and RCA territories. The in situ RIMA-RA sequential can be used in an anticlockwise 

orientation where the first anastomosis is to the RCA and the final anastomosis is to the CIRC 

branches (Nakajima, Kobayashi, Tagusari et al. 2007) (Figure 2.11). The orientation of the 

RIMA-RA sequential in the clockwise version is such that it is first brought through the 

transverse sinus to anastomose to the CIRC branches and then terminates on the RCA 

(Nakajima, Kobayashi et al. 2007, Ramponi, Seco et al. 2018) (Figure 2.12). Another 

configuration uses an I-graft constructed with the RIMA and RA but uses it as a free Y graft 

off the LIMA to CIRC (Raja, Shahzad G. 2006) (Figure 2.13). Finally, an uncommonly used 

configuration involves the use of a jump graft where the radial artery conduit is anastomosed 

from the distal LAD to the PDA (Taggart, Balacumaraswami et al. 2009, Taggart 2018) (Figure 

2.14). 
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Figure 2.11 Anaortic configuration 9 
In this grafting configuration there is an in situ LIMA to LAD and in situ RIMA to PDA with free RA I (extends 

RIMA) sequential to OM   

 

 

 

 

 

Figure 2.12 Anaortic configuration 10 
In this grafting configuration there is an in situ LIMA to LAD and in situ RIMA to OM with free RA I (extends 

RIMA) sequential to PDA   



Chapter 2: Background and Literature Review  17 

___________________________________________________________________________ 

 

 

Figure 2.13 Anaortic configuration 11 
In this grafting configuration there is an in situ LIMA to OM and free RIMA Y (off LIMA) to LAD with free RA 

I (extends RIMA) sequential to PDA   

 

 

 

Figure 2.14 Anaortic configuration 12 
In this grafting configuration there is an in situ LIMA to LAD, in situ RIMA to OM (via transverse sinus) and 

free RA J (off LAD) to PDA   
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2.3 Importance of functional assessment in total arterial CABG 

 

2.3.1 Causes of graft failure 

Late graft failures, occurring after many years, are mainly due to progressive development of 

fibrointimal hyperplasia and atherosclerosis. These pathological processes predominantly 

affect vein grafts at arterialised pressure and cause focal stenoses within these grafts (Khaleel, 

Dorheim et al. 2012). A large series showed that only 3% of radial arteries may have focal 

stenoses at 20-year follow-up (Achouh, Isselmou et al. 2012). Graft failure is a major 

contributor to morbidity and mortality and within 1 year follow-up, up to 20% of vein grafts 

and 8% of arterial grafts are occluded (Hess, Lopes et al. 2014). Errors in surgical technique 

for sewing an anastomosis can lead to early graft failures. This includes inadvertently 

narrowing the anastomosis or even sewing it closed, creating an intimal flap or damaging the 

vessel wall which may lead to thrombus. However, more frequently, the errors leading to 

earlier graft failures are not technical in nature but are due to poor decision-making (Akhrass 

and Bakaeen 2021).  

 

Inaccurate characterisation of native coronary stenoses can lead to early graft failures within 

one year due to competitive and reverse flows in the bypass grafts which arterial grafts are 

more susceptible to and these manifest as string signs. Using an IMA to a vessel with less than 

a 70% stenosis leads to a high rate of graft occlusion (Pevni, Hertz et al. 2007) which has, in 

turn, been associated with decreased long-term survival (Sabik III, Olivares et al. 2016). For 

the radial artery, other authors have advocated that the native coronary stenosis needs to be 

approximately 80 to 90% for the RCA territory (Tatoulis, Buxton et al. 2004, Gaudino, Tondi 

et al. 2016). 

 

Furthermore, suboptimal judgement in the arrangement of graft configurations, can lead to 

steal of flows between grafts and native coronaries, particularly with composite or sequential 

grafts with unbalanced native coronary stenoses (Di Giammarco, Marinelli et al. 2017). Even 

if grafts appear to be patent initially, competitive and reverse flows can result in occlusion later 

on. In one particular study, up to 75% of IMA grafts that were patent but had competitive flow 
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on initial angiography were found to be occluded within 5 years (Nakajima, Kobayashi et al. 

2006). 

2.3.2 Functional assessment of coronary artery stenoses 

 

2.3.2.1 Fractional flow reserve 

The traditional method of determining the significance of a coronary stenosis is to estimate the 

percentage diameter of the stenosis by visual inspection of a conventional coronary angiogram. 

However, in using this method, there is substantial interobserver variability amongst 

cardiologists and cardiac surgeons in assessing these lesions (Kussmaul III, Popp et al. 1992). 

For this reason, fractional flow reserve (FFR) is currently the most common metric to 

determine the functional severity of stenoses. FFR is calculated using intracoronary pressure 

wires during an invasive coronary angiography as the ratio between the pressure distal to a 

stenosis and pressure proximal to a stenosis over the entire cardiac cycle (Pijls, Van Son et al. 

1993). Measurements are taken at hyperemia, a condition that is induced with vasodilators such 

as adenosine which decrease microvascular resistance. An FFR value of 0.80 is considered the 

cut-off for a functionally significant coronary artery stenosis which requires revascularisation. 

However, FFR is not universally used due to costs, availability, and inconvenience.  

 

In a study assessing 1,329 coronary stenoses with FFR, only 35% of stenoses that were judged 

to be between 50 to 70% stenosed by diameter were functionally significant (FFR ≤ 0.80) 

(Tonino, Fearon et al. 2010). 80% of stenoses that were 71 to 90% stenosed by diameter were 

functionally significant. 96% of stenoses that were 91 to 99% stenosed by diameter were 

functionally significant. To improve the anatomical delineation of a stenosis, intravascular 

ultrasound (IVUS) and optical coherence tomography (OCT) have been used to accurately 

measure the minimum luminal area (MLA) of a stenosis. However, none of these anatomical 

methods provide information regarding the functional significance of a stenosis. A meta-

analysis of 2,807 coronary lesions in 2,581 patients revealed a relatively poor diagnostic 

accuracy of MLA determined by IVUS and OCT for detecting functionally significant lesions 

in all coronary arteries except for the left main (D'Ascenzo, Barbero et al. 2015). 
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Determining the functional significance of stenoses is more important for coronary artery 

bypass grafts using arterial grafts as they are more susceptible to the effects of competitive 

flow. The rationale for this is that saphenous vein grafts have considerably larger diameters 

and the pressure drop along the length of the conduit is thus relatively small when compared 

with smaller diameter arterial grafts (Crystal, Klein 2015). The greater resistance of the arterial 

graft, heightened by its inherent vasoreactivity, means that if the resistance to flow down the 

native coronary is lower due to a less significant functional stenosis, blood will preferentially 

flow down the native coronary (Spadaccio, Glineur et al. 2020). This competitive flow will 

affect the patency of the arterial conduit (Fournier, Toth et al. 2019). A prospective double-

blind study of 67 patients confirmed a significant association between preoperative FFR and 

graft flows in which FFR  0.79 was associated with poor graft patency (Glineur, Grau et al. 

2019). A more recent study of 627 patients with 59% arterial grafts demonstrated that despite 

FFR-guided CABG resulting in fewer surgical anastomoses there was a lower rate of 

myocardial infarction and death 6 years after surgery (Fournier, Toth et al. 2018). Studies that 

have failed to prove the benefit of FFR-guided CABG on graft patency have used a high 

proportion of vein grafts (Fournier, Toth et al. 2018).  

 

2.3.2.2 Instantaneous wave-free ratio 

Unlike FFR, instantaneous wave-free ratio (iFR), is an index of stenosis severity that is not 

calculated at hyperemia but is calculated under basal resting conditions (Nijjer, Sen et al. 2015). 

iFR is the ratio of pressures distal and proximal to the stenosis determined over the diastolic 

wave-free period (DWF) (Figure 2.15). This period is where the velocity of blood flow in the 

coronary artery is the highest which allows the assessment of higher pressure gradients across 

stenoses at relatively constant flow (Sen, Asrress et al. 2013). Therefore, this metric can be 

calculated without the need for adenosine administration at the time of the invasive coronary 

angiography and has been shown to correlate well with FFR (Sen, Asrress et al. 2013). A 

stenotic lesion with an iFR < 0.90 is considered functionally significant. Therefore, iFR has 

also been recommended to guide revascularisation (Sousa-Uva, Neumann et al. 2019). 
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Figure 2.15 Diastolic wave-free period 
In this figure, the diastolic wave-free period (DWF) is indicated (span of red arrow) and example pressures 

proximal (psten) and distal (dsten) to a stenosis are represented 

 

2.3.2.3 Myocardial perfusion 

Although indices such as FFR and iFR are excellent for determining the functional significance 

of a coronary artery stenosis, they do not provide information regarding microvascular 

coronary disease which can also lead to ischemia (van de Hoef, Tim P, Nolte et al. 2014). 

Quantitative Positron Emission Tomography (PET) allows functional assessment of 

myocardial perfusion and its reduction due to both coronary artery stenoses as well 

microvascular disease (Driessen, Danad et al. 2018). Even in the absence of microvascular 

dysfunction, myocardial perfusion studies have demonstrated that a percentage diameter 

coronary stenosis greater than 85% is required to cause a reduction in resting myocardial blood 

flow (Gould, Lipscomb et al. 1974, Uren, Melin et al. 1994). Cardiac magnetic resonance 

imaging (MRI) with adenosine stress can also be used for assessing myocardial perfusion 

reduction from stenoses with similar sensitivity and specificity to PET (Schwitter, Nanz et al. 

2001). 

 

 

 

 

DWF 
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2.3.3 Functional assessment of coronary artery bypass grafts 

Once the native coronary stenoses have been deemed functionally significant to the degree of 

warranting arterial grafting, the next important step is in selecting the arrangement of these 

grafts. A variety of qualitative and quantitative tools have been used to assess the function of 

grafts following CABG. 

 

2.3.3.1 Coronary angiography 

Invasive coronary angiography is considered the gold standard for assessing graft function 

following CABG and allows direct qualitative visualisation of graft flows. The FitzGibbon 

classification qualitatively grades grafts as being either excellent or widely patent (A), fair or 

flow-limiting (B) or occluded (O) (FitzGibbon, Burton et al. 1978). Nakajima et al. (2006) 

classified the graft blood flows as antegrade (A), competitive (B), reversed (C) or occluded 

(O). They considered a graft to be patent on coronary angiogram if it had any sort of flows, i.e. 

A + B + C. They considered a graft to be functional if there was antegrade or competitive flow, 

i.e. A + B. The ideal graft was one with antegrade flow, A, as bypass grafts with competitive 

or substantial reversed flow were more likely to become occluded in the intermediate term 

(Dion, Glineur et al. 2000, Christensen, Lund et al. 2002). When accompanied by FFR or iFR 

measurements, invasive coronary angiography can provide quantitative graft information 

(Glineur, Noirhomme et al. 2005). Measures of pressure drops across anastomoses can be 

determined, however, the number of measurements in multi-grafting makes this inconvenient 

and no direct flow measurements are provided. Postoperative computed tomography coronary 

angiography (CTCA) is less invasive, however, the amount of quantitative graft information it 

can currently provide is limited (Peper, Suchá et al. 2020). 

 

2.3.3.2 Intraoperative fluorescence imaging 

The ability to immediately assess the quality of a graft that has just been performed by a 

surgeon is advantageous as it allows for any necessary revisions to be performed instantly. 

Performing intraoperative coronary angiography for this purpose has not gain widespread 

adoption due to the need for a hybrid operating theatre, additional time required, and further 

contrast exposure associated with nephrotoxicity (Ohmes, Di Franco et al. 2017, Akhrass, 

Bakaeen 2021). Intraoperative fluorescence imaging (IFI) addresses this issue through the use 

of indocyanine green dye whose excitation with laser light shows high quality images of the 
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graft, the anastomosis and native coronary vessel without the need for radiation and catheters 

(Taggart, Choudhary et al. 2003). Although some studies have demonstrated the superiority of 

IFI in detecting anatomical stenoses within grafts (Desai, Miwa et al. 2006), it does not provide 

quantitative graft information including information on competitive flows. Furthermore, it is 

somewhat cumbersome to perform intraoperatively. 

 

2.3.3.3 Blood markers and ECG 

Considering that the main purpose of CABG is to restore perfusion to the myocardium, a 

variety of surrogate markers of myocardial perfusion have been reported in the literature as 

indicators of graft patency. If an occluded bypass graft leads to a myocardial infarction 

following an operation, then this is termed a perioperative myocardial infarct. It can be defined 

by serological markers, electrocardiography (ECG) changes, imaging demonstrating regional 

wall motion abnormalities or loss of viable myocardium as well as confirmation on 

angiography. Typically, there is also a rise in blood markers such as troponin or new 

pathological Q-waves in the suspected territory on ECG (Molero-Díez, Sánchez-Tabernero et 

al. 2019). However, these are suggestive but not specific for graft dysfunction and can also 

indicate issues with myocardial protection during an operation or the development of new 

disease in a native coronary artery. For further non-invasive assessment of graft performance 

under stress conditions, an exercise ECG can be performed at a later post-operative time. 

However, a stress ECG does not exclude other causes such as, again, native coronary disease 

progression and thus this test has poor sensitivity (Eisenberg, Wou et al. 2006). 

 

2.3.3.4 Echocardiography 

Transthoracic echocardiography (TTE) or transoesophageal echocardiography (TOE) can 

detect regional wall abnormalities that occur due to a lack of perfusion of a particular 

myocardial territory. Intraoperative TOE is easy to perform at the time of operation, however 

regional wall motion abnormalities can occur for other reasons in addition to an occluded graft, 

including transient air in a coronary artery. However, if there are persisting changes then this 

investigation can provide qualitative information regarding graft function. Transthoracic echo 

colour doppler (TTECD) is one method of postoperatively quantifying graft flows that has been 

used in research studies (Prifti, Bonacchi et al. 2001). 
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2.3.3.5 Myocardial perfusion studies 

A number of studies have correlated graft patency post CABG with qualitative defects in 

myocardial perfusion detected via nuclear medical scans at stress and at rest (Kolibash, Call et 

al. 1980, Rasmussen, Nielsen et al. 1984, Eckardt, Kjeldsen et al. 2011). Other studies have 

reported the calculation of quantitative myocardial blood flows on PET to demonstrate the 

restoration in myocardial perfusion after CABG (Campisi, Czernin et al. 1997, Driessen, Danad 

et al. 2018). Cardiac MRI is yet another modality that can provide absolute quantification of 

blood flows in regional territories subtended by bypass grafts post CABG and is accurate for 

assessing perfusion in these areas (Arnold, Francis et al. 2011). Furthermore, cardiac MRI can 

provide an accurate method for measuring blood flows in grafts themselves, thereby providing 

both graft flow and myocardial perfusion data (Niclauss, Masci et al. 2020). 

 

2.3.3.6 Mortality and MACE outcomes 

One of the crudest measures of graft function involves the reporting of mortality and major 

adverse cardiovascular events (MACE), for which there are no universal definitions (Myles 

2014). Commonly used endpoints vary between studies but often include: recurrent angina, 

death, myocardial infarction, stroke, need for repeat revascularisation or hospital readmission 

due to heart failure (Kip, Hollabaugh et al. 2008). However, considering different combinations 

of endpoints, grouping them as composite endpoints can lead to differing conclusions within 

the same study and makes interpretation difficult between studies. Moreover, there are other 

confounding factors that can influence mortality and MACE that are not related to graft patency 

after CABG. 

 

2.3.3.7 Intraoperative transit time flow measurement  

Transit time flowmetry (TTFM) utilises an ultrasound flow probe that is placed around a 

coronary artery bypass graft intraoperatively to verify satisfactory blood flows. The probe 

contains proximal and distal transducers which enable the calculation of the transit time of 

reflected ultrasonic signals which are determined by the velocity of blood flow in the bypass 

graft (Niclauss 2017). From the measurement of transit time, the flowmeter can deduce the 

volumetric blood flow according to time. The four main parameters that are displayed in real-

time which indicate adequacy of graft blood flow are all derived from the measured graft flow 

waveforms when coupled to an ECG monitor (Figure 2.16). These are: mean graft flow (MGF), 
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pulsatility index (PI), diastolic filling (DF) and percentage back flow (BF) (Amin, Pinho-

Gomes et al. 2016). 

 

Figure 2.16 Example of TTFM screen display  
In this particular TTFM measurement of a LIMA to LAD graft, the MGF is 18 ml/min, PI 4.9 and DF 70%. The 

beat-to-beat variation is apparent over the 6 cardiac cycles displayed 

 

MGF is the mean graft flow, 𝑄𝑚𝑒𝑎𝑛, in ml/min and for arterial grafts will be determined by the 

diameter of the graft and native coronary artery, quality of the outflow bed, as well as the 

anastomosis and presence of any graft spasm (Di Giammarco, Pano et al. 2006). A MGF > 15 

ml/min is indicative of a satisfactorily performing bypass graft, although flows should be 

ideally greater than 20 ml/min for LIMA grafts (Akhrass and Bakaeen 2021). PI is calculated 

as the difference in maximum, 𝑄𝑚𝑎𝑥, and minimum, 𝑄𝑚𝑖𝑛 , flows divided by the MGF, 𝑄𝑚𝑒𝑎𝑛, 

such that 𝑃𝐼 =  
𝑄𝑚𝑎𝑥−𝑄𝑚𝑖𝑛

𝑄𝑚𝑒𝑎𝑛
 , and is indicative of flow and resistance through the graft. Ideally, 

PI should be less than 3, particularly for grafts to the LV territory but PI less than 5 is acceptable 

(Ohmes, Di Franco et al. 2017). Both MGF and PI have been strongly correlated with graft 

patency and clinical outcomes (Kim, Kim et al. 2010, Kieser, Rose et al. 2010). 

 

BF is the percentage of reverse flow that occurs in a bypass graft and is graphically represented 

by the area under the horizontal axis on the flow-time curve. Studies have shown that a reverse 

flow of ≥ 3.0% is associated with competitive flow and the string phenomenon and thus 

indicates that BF can be a predictor of early graft failure (Leong, Ashok et al. 2005, Honda, 

Okamura et al. 2015). Reverse flow will also result in a more negative minimum flow, and thus 

is closely related to PI (Akhrass and Bakaeen 2021). DF is the percentage of total graft flow 

that occurs during diastole, or percentage of diastolic coronary filling, such that 𝐷𝐹 =
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𝑄𝑑𝑖𝑎𝑠𝑡𝑜𝑙𝑒

𝑄𝑠𝑦𝑠𝑡𝑜𝑙𝑒+𝑄𝑑𝑖𝑎𝑠𝑡𝑜𝑙𝑒
, and this should be higher for grafts to the left side as the left coronary has a 

more diastolic dominant pattern with typical values of at least 60% for grafts to the left and 

50% for grafts to the right coronary targets (Brereton 2018). However, DF has not been shown 

to correlate with graft patency outcomes (Ohmes, Di Franco et al. 2017). 

 

Surgeons are encouraged to perform repeated measurements of the same graft when faced with 

concerns as a variety of recoverable factors can influence one-time measurements such as 

systemic arterial pressure, myocardial recovery/cardiac index, arterial spasm and transient air 

in the graft (Lee, Jo et al. 2020). The site of measurement on the bypass graft can also influence 

results. The recommendation is to place the ultrasound probe around the bypass graft at a 

location that is as close to the distal anastomosis as possible (Amin, Pinho-Gomes et al. 2016). 

This is due to the fact that the inflow to a graft, if arising from the aorta or an in situ IMA will 

have a systolically dominant pattern, whereas near the anastomosis it will have a pattern that 

is more diastolically dominant due to the proximity to the coronary circulation (Di Giammarco, 

Marinelli et al. 2017). Consequently, the proximal segment of a graft can be influenced by graft 

capacitative flow that alters the PI and lowers the DF when compared to the distal segment of 

a graft (Jelenc, Jelenc et al. 2014). 

 

Measurement of graft flow intraoperatively is important in total arterial grafting as the use of 

in situ, composite and sequential grafts based off a limited number of inflow sources often 

results in an inability to manually test the distal run-off via injection of saline into the grafts. 

Therefore, the routine use of TTFM is recommended for multi-arterial grafting (Akhrass and 

Bakaeen 2021). Functional graft failures can be distinguished from technical anastomotic 

errors by surgeons on the basis of TTFM parameters. Although both may have a low MGF < 

15 ml/min and high PI > 5, the BF would be close to zero with an anastomotic issue such as 

thrombosis, anastomic narrowing or intimal flap (Di Giammarco, Rabozzi 2010). However, 

with a functional issue, such as competitive flows or steal between limbs of composite grafts 

or sequential grafts, the BF would be greater than 3% (Di Giammarco, Marinelli et al. 2017). 

Therefore, if there is an assumption of no technical anastomotic problems and good distal run 

off, unsatisfactory MGF and PI are enough to indicate a functional issue. 
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A number of studies that have failed to demonstrate TTFM correlation with graft outcomes 

have primarily been conducted using vein grafts and not arterial grafts (Singh, Desai et al. 

2010, De Leon, Stanham et al. 2020). TTFM may be unable to predict long-term failure of 

venous grafts as even those grafts that are patent on short-term angiographic follow-up at 10 

weeks are no longer patent at longer-term follow up to 5 years due to the development of 

atherosclerotic disease (Tokuda, Song et al. 2008).  

 

In contrast, there is convincing evidence that correlates MGF, PI and BF graft measurements 

with arterial graft patency outcomes. A study in 1,345 patients undergoing OPCABG over ten 

years compared 234 patients who did not have TTFM at the time of surgery with 1,111 patients 

who did (Kim, Kim et al. 2010). Early angiography within 7 days was performed in 95% of 

patients. There was better early patency in the TTFM group for arterial grafts (99.1% vs 97.2%, 

P < 0.001), but not for vein grafts (92.2% vs 86.0%, P = 0.099). Revisions were performed for 

MGF < 15ml/min, DF < 50% and PI > 3 for left-sided grafts and PI > 5 for right-sided grafts. 

One third of revisions (38/118 = 32.2%) were due to competitive flows that predominantly 

arose from suboptimal grafting configurations that needed to be revised. These were from an 

in situ RGEA that needed to be disconnected and used as a free graft. Kieser et al. (2010) 

evaluated 990 arterial grafts in 336 patients with MGF, TTF and DF and followed this group 

for occurrence of mortality and MACE including recurrent angina, perioperative myocardial 

infarction, need for reintervention and death. They found that a PI > 5 was associated with 

MACE (17% vs 5%, P = 0.005) and mortality (32% vs 12%; P = 0.011). Honda et al. (2015) 

reported that for patients with severe, mild and functionally insignificant stenoses on FFR, the 

MGF rates were 24.7 ± 10.6 ml/min, 19.2 ± 14 ml/min and 16 ± 9.7 ml/min and string signs 

were seen in 4.2%, 21% and 50%, of cases respectively. In the latter group, the PI was found 

to be elevated beyond 5 (5.5 ± 8.2).  

 

Zeng et al. (2020) conducted a clinical study examining a total of 610 grafts in 311 patients 

with angiographic follow-up to 5 years. For the 202 LIMA grafts, which had a patency of 95%, 

MGF and PI both predicted graft failure but DF did not. A MGF cut-off value for the LIMA in 

their study was 14.5 ml/min. Similarly, Lehnert et al. (2015) examined 982 grafts in 345 

patients and found a significant relationship between TTFM and outcome for the IMA which 
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showed a 4% decrease in odds of graft failure for every 1 ml/min increase in MGF (OR= 0.96, 

p = 0.005).  

 

Jokinen et al. (2011) has criticised the predictive ability of TTFM by reporting grafts with 

suboptimal TTFM measurements being patent at an early follow up of 199 ± 42 days. However, 

Morimoto et al. (2017) demonstrated that although an IMA to LAD graft appeared patent on 

CTCA one week after CABG, it was found to be occluded after one year which correlated to 

the MGF of 11ml/min at hyperemia. This reinforced the notion that early angiographic patency 

is not indicative of the fate of the arterial graft in the future. Handa et al. (2015) measured the 

TTFM parameters in 57 in situ LIMA grafts and found that on one-year angiographic follow-

up by angiography or CTCA that 6 of the grafts that had MGF < 15ml/min had failed. These 

findings corresponded to the significant difference in MGF between patent and non-patent 

grafts observed by others (Walker, Daniel et al. 2013).  

 

2.4 Total arterial grafting configuration clinical study outcomes 

There are a variety of studies in the literature that have been conducted with the purpose of 

determining the best grafting configurations for total arterial revascularisation using BIMA 

with or without radial artery use. These studies have used a variety of outcome measures 

including crude endpoints such as long-term mortality and MACE, and/or qualitative 

angiographic patency and/or quantitative assessment of graft flows using TTFM.  

 

2.4.1 Comparison of BIMA configurations 

 

2.4.1.1 No difference in mortality, MACE and angiographic outcomes 

A number of studies have concluded that the use of a BIMA configuration, or otherwise, does 

not matter as all techniques result in similar clinical outcomes. Di Mauro et al. (2016) evaluated 

20-year outcomes of mortality and MACE comparing in situ BIMA or composite Y-graft 

configurations and found no differences in 2,150 patients (132 in situ and 818 composite Y-

grafts). This result underpinned their conclusion that clinical outcome of BIMA grafting is 

independent of grafting configurations. 
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Raja et al. (2014) examined 546 propensity matched pairs of patients of whom half had 

undergone an in situ RIMA to LAD, while the other group had an in situ LIMA to LAD. Their 

mean follow-up was at 7.8 ± 3.8 years. They found no difference in late death (HR 0.78, 95% 

CI 0.48 – 1.26), the need for repeat revascularisation (HR 0.83, 95% CI 0.70 – 2.42) or the 

composite outcome of death or repeat revascularisation (HR 0.81, 95% CI 0.64 – 1.14).  

 

Magruder et al. (2016) reviewed 762 patients undergoing CABG using at least BIMA and 

examined mortality and MACE outcomes at a shorter median follow-up of 3.09 years. They 

divided the groups into four configurations which were an in situ LIMA to LAD and in situ 

RIMA to the left coronary circulation (239 patients); in situ LIMA to LAD and in situ RIMA 

to the right coronary circulation (239 patients); in situ RIMA to LAD and in situ LIMA to the 

left coronary circulation (185 patients); and in situ LIMA to LAD with a free RIMA Y 

composite graft off the LIMA or a SVG (99 patients). Their standard strategy was to direct 

each IMA to the diseased coronary arteries serving the largest portions of myocardium. There 

were 47 deaths, 58 late PCI and 7 repeat CABG procedures. After statistical adjustment, they 

found no difference in outcomes between the four groups and thus they concluded that all 

configurations were equal and so the simplest technique for an individual surgeon should be 

chosen. 

 

Sohn et al. (2020) studied 509 patients undergoing off-pump CABG using BIMA with 172 

patients having in situ grafts and 337 patients having composite Y-grafts. They propensity 

matched 153 patients from each group and compared angiographic patency at 10 years as well 

as overall survival. They found no significant differences in outcomes. Dion et al. (2000) used 

243 BIMA grafts in situ in 500 patients. In 84% of patients the RIMA went to the left coronary 

system with 22% to the LAD and 62% to the CIRC. They found no difference in the patency 

of the in situ LIMA or in situ RIMA anastomoses. Patency of the LIMA was similar to RIMA 

for LAD (96.7% (264/273) vs 96.3% (26/27) and CIRC (95.8% (46/48) vs 93.2% (68/73). They 

found that the long-term patency of the RIMA anastomosed to the CIRC via the transverse 

sinus was excellent (93.2%) as was that of the RIMA to LAD (96.3%). 
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2.4.1.2 Difference in mortality, but not MACE and angiographic outcomes 

A number of other studies have found a difference in mortality but not in MACE or 

angiographic outcomes. Bakaeen et al. (2020) conducted a study examining 179 patients who 

had a LIMA to LAD graft and a RIMA grafted to target coronary vessels which were deemed 

important if they reached greater than 75% toward the LV apex (77 patients) or not important 

(102 patients). Although the unadjusted survival was similar at 15 years (77%, P = 0.50), 

multivariate analysis found worse survival with use of the RIMA to the less important targets 

(P = 0.005) and higher operative mortality if the LAD fell short of the apex (2.4% vs 0.51%, P 

= 0.007). This study was an attempt to find specific features of individual patients’ native 

coronary circulation that might influence outcomes from BIMA use. 

 

Marzouk et al. (2020) performed a propensity matched analysis comparing 134 matched pairs 

of patients who had in situ BIMA grafts to those with one in situ IMA and one free IMA graft. 

They found that the long-term survival at 5, 10, 15 years was significantly higher with in situ 

BIMA compared with a free IMA (HR 1.53, 95% CI 1.14 – 2.10, P = 0.004), but there was no 

difference in other MACE outcomes such as risk of readmission to hospital or need for repeat 

revascularisation.  

 

2.4.1.3 TTFM and quantitative graft outcomes 

Zhang et al. (2020) studied 410 patients undergoing off-pump CABG and compared the graft 

to the LAD between LIMA (n = 333), RIMA (n = 34) and SVG (n = 43). The SVG group had 

higher intraoperative MGF and lower PI than those receiving IMA grafts. The RIMA to LAD 

compared to the LIMA to LAD group had no difference in MGF (29.03 ± 22.73 ml/min vs 

29.71 ± 20.94 ml/min, P > 0.05) or PI (2.56 ± 0.96 vs 2.65 ± 1.01, P = 0.223) but had a slightly 

lower diastolic flow fraction (70.76 ± 11.87 vs 74.06 ± 7.09, P = 0.018). The patency rate of the 

LIMA to LAD group was 98.72% (309/313), the RIMA to LAD group was 97.06% (33/34) 

and SVG 100%. 

 

Neves et al. (2015) performed a retrospective study in 170 patients comparing the TTFM 

parameters for in situ and composite bilateral mammary artery configurations for double vessel 

coronary artery disease involving the LAD and CIRC branches. They found no differences in 
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PI between the configuration for RIMA to LAD and LIMA to CIRC branches (57.6% patients) 

versus LIMA to LAD and Y-graft with RIMA off the LIMA to the CIRC branches (42.4% of 

patients). They found that the RIMA or LIMA to LAD grafts had a MGF of 35.4 ml/min 

compared to RIMA or LIMA to OM grafts having a MGF of 29.6 ml/min with no difference 

in PI between the two groups of 2.6. 

 

Han et al. (2021) examined 74 cases to determine TTFM parameters between patients having 

an in situ RIMA to the RCA/PDA versus patients having the RIMA grafted to the left coronary 

targets. The first group of 20 patients had an in situ LIMA to LAD and in situ RIMA to 

RCA/PDA. The second group of 54 cases was subdivided into the four groups: in situ RIMA 

to LAD with in situ LIMA to CIRC branch or diagonal (17 cases); in situ LIMA to LAD with 

in situ RIMA to CIRC branch or diagonal (14 cases); in situ LIMA to LAD with Y-graft of 

RIMA off the LIMA to CIRC branch or diagonal; in situ LIMA to LAD with free RIMA off 

aorta to CIRC branch or diagonal. The other target vessels had either a radial artery or 

saphenous vein as conduits. These investigators found a higher mean RIMA graft flow when 

the vessel was grafted to the right coronary artery compared with a left-sided vessel 

(51.7 ± 34.4 ml/min vs 31.4 ± 21.4 ml/min, P = 0.024). When the RIMA that was grafted to a 

left coronary target (as in group 2), was used as an in situ RIMA (31 patients) versus a free 

RIMA (23 patients), there was no significant difference in MGF (33.4 ± 24.1 ml/min vs 

28.9 ± 17.2 ml/min, P = 0.453) or PI (2.3 ± 0.6 vs 3.2 ± 3.7, P = 0.223). The LIMA TTFM 

parameters for this subset of 31 patients versus 23 patients had no significant differences for 

MGF (35.9 ± 24.7 ml/min vs 27.4 ± 18.0 ml/min, P = 0.168), but significant difference in PI 

(2.1 ± 1.0 vs 3.0 ± 1.6, P = 0.018). However, this study did not report the flows for the other 

grafts. 

 

Bonacchi et al. (2000) performed a study involving 47 patients with triple vessel disease using 

the in situ LIMA to LAD and in situ RIMA to OM. The conduit used to graft the RCA was a 

Y-graft off the in situ RIMA which was either the recycled distal part of the LIMA when 

available (21 patients) or the radial artery (26 patients) to construct the composite graft. They 

found no difference at one week or 3 months on TTECD and no difference at 6 months on 

treadmill testing, with all patients being free of angina. The investigators found that the 

coronary flow reserve (CFR) increased in the common-stem of the Y-graft over the 6 months 
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and that the RIMA diameter increased within 3 months in both groups to support this (1.69 ± 

0.32 vs 1.48 ± 0.2 in the first group and 1.66 ± 0.3 vs 1.47 ± 0.2, P = 0.01). Based on these 

results, they concluded that the RIMA Y graft could support the coronary flow needs of the 

patient as a whole. Similarly, to prove adequacy of Y-grafts at 6 months, Glineur et al. (2005) 

performed a study on 11 patients who had Y-grafts using BIMA for the left sided vessels with 

LIMA to LAD and free RIMA Y graft to the CIRC territory. They performed post-operative 

coronary angiograms at 6 months in the patients to measure pressures at rest and FFR at 

hyperemia to determine pressure gradients between the grafts and coronary arteries 

revascularised. The Y-graft configuration with the free RIMA attached to the in situ LIMA was 

able to provide adequate perfusion with minimal resistance to maximal blood flow.  

 

2.4.2 Proximal anastomosis of RIMA or RA 

 

2.4.2.1 No difference in mortality or MACE but in angiographic outcomes 

Dion et al. (2000) in their study of 243 BIMA grafts found a significantly improved patency of 

the in situ RIMA compared with the free RIMA attached to the aorta (96.3% vs 86.5%, P = 

0.02). The authors hypothesised that this was due to the discrepancy of wall thickness between 

the aorta and bypass graft as well as the graft being exposed to the full head of pressure from 

the ascending aorta at the onset of systole. However, a study by Hayashi et al. (2016) led to 

different findings. In 282 patients undergoing BIMA to the left-sided coronary vessels with in 

situ LIMA to LAD and RIMA to CIRC, the RIMA was used in situ in 69 patients and used as 

a free graft onto the aorta in 213 patients. Although there was no significant difference in 

survival between the two groups, the 5-year patency of the free RIMA was significantly higher 

than the that of the in situ RIMA (97.0% vs 80.3%, P = 0.01). In fact, the 5-year patency of the 

free RIMA was comparable with that of the in situ LIMA anastomosed to the LAD (97.0% vs 

92.9%, P = 0.28). 

 

2.4.2.2 TTFM and quantitative graft outcomes 

Neragi-Miandoab et al. (2014) performed a prospective randomised study in 24 patients with 

severe stenoses of greater than 75% stenosis in both the LAD and a CIRC branch to determine 

the optimal RIMA proximal anastomosis for BIMA configurations. The LIMA was always 

grafted to the LAD and the RIMA placement was randomised to the two groups: free RIMA 



Chapter 2: Background and Literature Review  33 

___________________________________________________________________________ 

 

off the aorta (12 patients) or free RIMA as a Y-graft composite off the LIMA (12 patients). 

There was a significant increase in RIMA MGF when used off the aorta compared to the Y-

composite (38.3 ± 13.5 ml/min vs 22.1 ± 9.5 ml/min, P < 0.01), but not in PI (2.8 ± 1.4 vs 

2.5 ± 0.9, P = NS), nor in diastolic flow fraction (63.0 ± 10.9 vs 65.9 ± 8.6, P = NS). They only 

performed follow-up angiograms in 6 out of 24 patients and in 1 out of the 4 patients where 

the RIMA was occluded. The comparison of LIMA flows between groups found slightly 

greater MGF in the composite group but the results were not significant (37.3 ± 18 ml/min vs 

41.2 ± 16.0 ml/min, P = NS), nor were they significant for PI (2.4 ± 0.7 vs 3.1 ± 1.2, P = NS) 

and diastolic flow fraction (74.8 ± 5.2 vs 68.5 ± 10.3, P = NS).  

 

Onorati et al. (2010) undertook an observational study with 114 patients to compare the 

proximal anastomosis of the radial artery as either a free graft to the aorta (72 patients) or as a 

Y-graft off the LIMA (42 patients). The radial artery was used to target either the CIRC 

branches or the RCA branches in vessels with greater than 80% stenosis to avoid competitive 

flows. Glineur (2013) argues that if the native coronary stenosis in the CIRC is less than 90% 

then a free radial should be used off the aorta, whereas if the CIRC stenosis is greater than 

90%, then the RA can be used as a Y graft in a composite configuration. However, Onorati et 

al. (2010) left the choice of radial artery configurations to the surgeon’s discretion except in 4 

patients who had significant ascending aortic calcification and 1 patient with a porcelain aorta. 

At rest there was no difference in MGF between the strategies (35.9 ± 10.9 ml/min vs 

36.5 ± 9.5 ml/min, P = 0.709) or PI (2.3 ± 1.0 vs 1.8 ± 0.5, P = 0.065), or maximum diastolic 

flow (67.9 ± 16.9 ml/min vs 67.4 ± 11.4 ml/min, P = 0.284) or minimum systolic flow 

(9.8 ± 7.0 ml/min vs 10.9 ± 8.3 ml/min, P = 0.285). At rest, there was also no difference in the 

LIMA to LAD grafts between the aortocoronary bypass group and the composite Y-graft group 

in terms of mean flow, maximum diastolic flow, minimum systolic flow and PI. In this study, 

they routinely employed an intra-aortic balloon pump (IABP) which enabled comparison of 

graft flow reserve parameters at hyperemia. They found that Y-grafts had higher MGF 

(72.7 ± 19.9 ml/min vs 48.9 ± 15.2 ml/min, P = 0.0001), maximum diastolic flow 

(136.5 ± 25.4 ml/min vs 86.7 ± 25.2 ml/min, P = 0.0001), graft flow reserve (1.99 ± 0.18 vs 

1.37 ± 0.15, P = 0.0001), percentage improvement of maximum diastolic flow and mean flow 

compared with the aorto-coronary radial artery bypass grafts. These were confirmed for both 

the RCA and CIRC territories and for both off-pump and on-pump strategies. 
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Mannacio et al. (2014), however, found occluded segments of Y-grafts in a LIMA when used 

in a composite Y-graft with radial arteries in 148 patients who had OPCABG on functional 

testing at 3 years after surgery. They investigated the functional and hemodynamic mid-term 

results using maximal hyperemia and rest 99mTc-sestamibi scans done preoperatively and 3 

years after surgery as well as 64-slice multidetector CT. The main stem of the Y composite 

was patent in all patients while the distal LIMA or RA was stenosed or occluded in 9 patients 

(9/148 = 6%).  

 

2.4.3 Sequential grafts  

 

2.4.3.1 No difference in mortality, MACE and angiographic outcomes 

Dion et al. (2000) found no difference in the long-term patency between sequential LIMA or 

RIMA anastomoses. The sequential IMA anastomoses demonstrated excellent patency rates 

for all coronary vessels except the very distal CIRC and distal RCA branches, a finding that 

has been supported by other authors (van Sterkenburg, Ernst et al. 1992). However, this poorer 

patency (80%) was found in grafts that were proximally connected to the aorta. They did not 

report the individual degrees of stenosis in each target that could potentially explain the poor 

patency observed. For instance, Nakajima et al. (2011) found poor patency in LIMA Y-grafts 

with RA sequential grafting if the RCA territory had non-significant native coronary diameter 

stenoses of 51 to 75%.  

 

Emir et al. (2012) examined the fate of sequential radial artery grafts (n = 27) when compared 

with single radial artery grafts (n = 26) using CTCA at 1-year and 5-year follow-up. The authors 

found no significant difference between configurations. There were only one sequential graft 

and two single RA grafts failing after 1 year and there were 3 failures in each group after 5 

years. In their study the RA grafts were placed exclusively on the left coronary artery branches. 

Schwann et al. (2009) compared late survival up to 10 years in patients with sequential radial 

artery grafts of whom 122 patients underwent symptom-driven repeat coronary angiograms. 

They compared sequential versus nonsequential RA failure and found no difference (77/252 

(31%) vs 3/20 (15%), P = 0.202). 
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2.4.3.2 No difference in mortality or MACE but in angiographic outcomes 

Raza et al. (2019) studied 326 patients who underwent IMA grafts placed in sequential or Y-

configurations. At 15 years, they found no difference in symptom outcomes but found 

angiographic patency was more favourable for sequential grafts over Y-grafts. The patency in 

sequential IMA grafts for the proximal IMA segment was 99% and sequential segment was 

97%. For Y-grafts, the patency of the segment beyond the anastomosis of the Y graft was 99%. 

The patency of the Y-graft itself was 90%. 

 

Nakajima et al. (2007) studied 395 patients undergoing anaortic grafting configurations to 

demonstrate the importance of sequential graft orientation in minimising competitive or reverse 

flows in grafts. They compared 181 patients with a single in situ IMA with a composite graft 

in 2 groups of patients with in situ BIMAs. For 80 patients, the LIMA went to the LAD and 

the in situ RIMA with RA I-graft extension sequentially grafted the RCA first then the CIRC 

(anti-clockwise orientation). For 133 patients, the LIMA went to the LAD but the in situ RIMA 

with RA I-graft extension sequentially grafted the CIRC first then the RCA (clockwise 

orientation). They examined the graft patency with coronary angiography at 2 weeks post-

operatively. There was no difference in overall patency between the configurations, but there 

was a difference in functional graft rate of the clockwise rotation versus the anticlockwise 

rotation (95.8% vs 92.4%, P = 0.03) as well as antegrade flow rate (86.9% vs 79.4%, P = 0.04). 

The antegrade flow of the graft performed for 91 to 100%, 76 to 90% and 51 to 75% diameter 

stenoses of native coronary branches was 98.8%, 92.9% and 86.0%, respectively.  

 

2.4.3.3 TTFM and quantitative graft outcomes 

Glineur et al. (2019) conducted a prospective double-blind study involving 67 patients that had 

total arterial revascularisation via CABG with FFR measured in 199 coronary lesions and post-

operative graft function assessed by invasive coronary angiogram at 6 months. When these 

authors quantitatively examined their sequential grafts, they found the first touchdown would 

remain functional with FFR ≤ 0.81, whereas the final touchdown would require a FFR ≤ 0.78 

(Glineur et al. 2020). If the final anastomosis of the sequential graft was to the RCA, then this 

would require a FFR ≤ 0.71. 
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Tsai and Yeh (2013) performed TTFM on sequential radial artery grafts going to 2 to 3 targets 

in 58 patients. There was no difference in the PI for the LIMA graft (1.8 ± 0.7), RIMA graft 

(2 ± 0.8), sequential RA graft to 2 targets (1.9 ± 0.4) or sequential RA graft to 3 targets 

(1.7 ± 0.7). 11/120 (9.2%) of RA grafts were stenotic on CTCA compared with 1/54 (1.9%) 

LIMA grafts and 1/21 (4.8%) RIMA grafts.  

 

Mannacio et al. (2015) retrospectively studied 47 patients who had undergone complex 

composite grafts (k, pi, double-Y) and measured intraoperative graft flows using TTFM under 

stable conditions with MAP of 90 ± 13 mmHg and heart rate of 75 ± 15 beats per minute. Post-

operative quantitative graft flow evaluation was undertaken with TTECD, CTCA and a 2-day 

stress/rest 99mTc-sestamibi myocardial perfusion single-photon emission computed 

tomography (SPECT). They found that the flows were adequate at rest for complex grafts but 

unable to meet flow requirements during maximal hyperemia. Therefore, they contended that 

these complex configurations should only be used out of necessity when there is a porcelain 

aorta or other limitations in conduit availability.  

 

2.4.4 Jump grafts  

 

2.4.4.1 No difference in IFI outcomes 

Taggart et al. (2009) described a novel technique in 10 patients which utilised a coronary-to-

coronary bypass graft for patients undergoing anaortic OPCABG. They constructed a jump 

graft from the distal LAD using a RA to the PDA (Figure 2.14) ensuring that all patients had > 

80% stenosis in the RCA. They undertook intraoperative fluorescence imaging in all patients 

as they could not obtain permission for doing intraoperative or early coronary angiography. 

They found that all the radial artery grafts were patent on IFI. They justified the use of the 

technique on the theoretical premise that it avoided any potential technical failure of an IMA 

Y composite graft or any steal of flow down either limb of such a graft especially due to the 

RA being larger in diameter compared with the IMA. Furthermore, they contended that the RA 

may have a similar diameter to the distal LAD. They further speculated that the nitric oxide 

eluted by the endothelium of the IMA could be transferred to the distal LAD and thus to the 

RA to contribute to this graft’s patency. Finally, they mentioned that they expected the LIMA 

to increase its flow to adapt to the increase in territory perfusion mandated, without stealing 



Chapter 2: Background and Literature Review  37 

___________________________________________________________________________ 

 

flows from the LAD (Balacumaraswami et al. 2008). However, no further clinical outcomes 

were reported beyond immediate intraoperative patency.  

 

2.4.5 Summary of evidence 

 

Although the majority of studies in the literature comparing configurations in grafting have 

examined mortality, MACE and angiographic outcomes, few have also included quantitative 

outcomes of graft flows and restoration of myocardial perfusion. There are a variety of 

configurations involving in situ and free grafts in composite and sequential arrangements of 

differing complexity. Grafts with antegrade flow have the best long-term patency and the 

notion that all arterial graft configurations will lead to equivalent patency and outcomes has 

been suggested (Nakajima et al. 2006). However, in spite of the clinical studies in the literature, 

the optimal total arterial graft configuration using BIMA is still not known and remains a matter 

of controversy and debate (Kalavrouziotis, Mohammadi 2021).  

 

 

2.5 Surgical decision making for CABG configurations 

The standard decision-making for a bypass grafting strategy fundamentally involves an 

assessment of which native coronary arteries are sufficiently diseased, as determined using a 

coronary angiogram, to warrant a graft and which conduits are available to use as graft material. 

Furthermore, the arrangement of the grafts can result in grafts which are separate, sequential, 

composite or a combination of these. Such decisions are made in the broader context of a 

patient’s age and comorbidities, surgeon preferences and sometimes patient preferences.  

 

2.5.1 Factors that influence standard decision-making  

 

2.5.1.1 Decision-making theory  

Prescriptive theories of decision-making are primarily concerned with how decision-making 

by individuals can be improved by studying how decisions are made (Bell, Raiffa 1988). 
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Prescriptive models commonly utilise normative techniques such as decision analysis and 

decision trees to improve decision-making, whilst investigating the nature of decision-making 

with descriptive techniques. A quantitative approach called judgement analysis has been 

validated and used to study the decision-making of surgeons in a variety of surgical disciplines, 

including cardiac surgery (MacCormick, Parry 2006, Clarke, Wilson et al. 2007, Kee, 

McDonald et al. 1998). Judgement analysis can address the variations in decision making 

between physicians of varying levels of experience by comparing the information they use to 

reach an agreed standard (Hancock, Mason et al. 2012). 

 

Understanding the factors which influence decision-making is important in understanding the 

actual decisions that are made (Dietrich 2010). External factors that are beyond the control of 

the decision-maker can lead to various levels of uncertainty. In decision theory, they are 

classified as: decisions made under certainty (where all necessary information about 

alternatives and consequences is known and accurate); decisions made with risk (where the 

true value of the external factors may not be known but can be quantified with probabilistic 

outcomes); and, decisions made under strict uncertainty (where one is unable to quantify the 

external factors in any way) (Hansson 2005). The decision-making for a coronary artery bypass 

grafting strategy is made with some degree of uncertainty. 

 

Eckardt et al. (2011) conducted a study involving 12 cardiac surgeons to determine their 

abilities in predicting regional myocardial perfusion restored from CABG procedures 

conducted in 92 patients using BIMA, SVG or RA Y-grafts. Nuclear perfusion studies were 

done pre-operatively in each patient and 6 months post CABG, to qualitatively assess regional 

myocardial perfusion, however the surgeons were not privy to these results. Instead, the 

surgeons had to make their judgements based on the coronary angiogram. The surgeons were 

extremely poor at predicting improvements in regional myocardial perfusion as a result of 

grafting and made errors regarding which myocardial territories required a graft. 

 

2.5.1.2 Prior experience 

Past experiences can impact decision-making in the future, with previous positive outcomes 

leading to repeat decisions for a similar situation in the future (Juliusson, Karlsson et al. 2005). 
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This may explain why certain surgeons employ the same techniques, despite evidence or 

guidelines suggesting otherwise. An example of this pertains to the avoidance of using BIMA 

for CABG by surgeons due to the perception of an additional learning curve (Catarino, Black 

et al. 2002). By the same token, negative results from a particular decision will lead to 

individuals avoiding a repeat of that mistake (Sagi, Friedland 2007). However, just because a 

previous decision worked for a certain scenario, does not necessarily mean it is the appropriate 

decision for a future occasion. 

 

2.5.1.3 Cognitive biases 

Cognitive biases are thought patterns which can influence decision-making. These biases 

influence individuals by leading them to rely heavily on their previous knowledge and expected 

observations, their retrospective analysis of an outcome as being inevitable, while omitting 

information perceived as uncertain (Dietrich 2010). Although the biases may result in poorer 

decisions, they can also lead to efficient decisions when used with heuristics for satisficing 

strategies under the circumstances of large uncertainty and little knowledge (Shah, 

Oppenheimer 2008, Gigerenzer, Gaissmaier 2011). In general, decision-makers tend to choose 

alternatives that are the easiest, most efficient, cheapest and safest (Bohanec 2009). 

 

2.5.1.4 Heuristics 

Heuristics are essentially cognitive shortcuts or “rules of thumb” that are used in decision-

making which are based on partial information, but often are correct (Shah, Oppenheimer 

2008). In a representative heuristic, a decision-maker will choose the alternative that is most 

familiar to them which makes this an efficient method of arriving at a decision (Goldstein, 

Gigerenzer 2002). In an availability heuristic, a decision-maker will rely on information that is 

most readily available to them (Bordage 1999). In an affect heuristic, decisions are made on 

the basis of emotional feelings (Slovic, Finucane et al. 2007). In an anchoring and adjustment 

heuristic, a decision-maker will use some other reference point and then make incremental 

adjustments to that to arrive at a decision (Epley, Gilovich 2006). In a principles heuristic, a 

decision maker will use scientific theories as the basis of their decision, whilst in an ethics 

heuristic the decision will be based on their philosophical judgement and belief (Wang, Ruhe 

2007). As a consequence, when dealing with uncertainty when little information is provided, 
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heuristics may be useful. However, in other situations heuristics may lead to significant errors 

(Croskerry 2000). 

 

2.5.1.5 Intuition 

Given the degree of uncertainty inherent in the decision-making process for selecting a total 

arterial grafting configuration for a patient, it has been contended that decisions are primarily 

based on a surgeon’s intuition (Rezaeimoghaddam, Oguz et al. 2020). Intuition has been 

defined as an act of immediately knowing without using a rational process and is a part of 

cognition that cannot be readily explained (Khatri, Ng 2000). In the surgical decision-making 

literature, surgeons who use intuition for decision-making tend to be experts with many years 

of experience, although experience in not a prerequisite for intuition (Abernathy, Hamm 1995). 

Although there are those who request using clear, analytical decision-making methods to 

reduce errors by keeping a surgeons’ methodical work structure, intuition is still an undeniable 

part of the process (Risucci 2002). Expert surgeons are able to move away from the stepwise 

approach in analytical decision-making to more efficiently take shortcuts which make their 

decisions appear to be intuitive or creative (Abernathy, Hamm 1995). This is advantageous in 

situations of risk and uncertainty (Flin, Youngson et al. 2007). It has been claimed that often 

experts make better decisions based on intuition compared with the use of an analytical method 

(Klein 2004). A major criticism of intuition is that it is limited to quite narrow and specific 

contexts (Raidl, Lubart 2001).  

 

2.5.1.6 Expertise (expert versus novice) 

Level of expertise is another factor that influences decision-making. Expert decision-making 

is quite different to that of novices and there have been a number of quantitative and qualitative 

studies exploring this difference in surgeons (Mitchell, Flin et al. 2013, Dekker, Hugh 2008, 

Endsley 1995). An expert has been quantitatively defined as an individual with more than 10 

years’ experience in their field (Chase, Simon 1973, Hayes 1985)  or having accumulated more 

than 10,000 hours of dedicated practice with feedback (Ericsson 2004). Experts are generally 

able to recognize and solve problems faster and more accurately than novices in their particular 

domain (Glaser, Chi et al. 1988). Experts rely on a more extensive knowledge base because 

their experience equates to knowledge (Kolodner 1983). One of the attributes of expert decision 

makers which applies to surgeons is that they often seek satisfactory solutions that are effective 
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termed as satisficing solutions, rather than an optimal one (Simon 1957). Interestingly, this 

occurs even in circumstances when time pressures are not present (Klein, Brezovic 1986).  

 

2.5.2 Basis for expert disagreement 

Although the differences between expert and novices in decision-making are understandable, 

the question arises as to why experts disagree amongst themselves when faced with the same 

decision-making task. This is evident in the range of differing grafting configurations selected 

for use by cardiac surgeons in a CABG operation. From a prescriptive theorist point of view, 

an understanding of this is necessary to find ways to reduce the discrepancies and improve 

decision making amongst experts.   

 

2.5.2.1 Personal characteristics 

Three traditional explanations for disagreements amongst experts have been described by 

(Hammond 2000) as ‘incompetence’, ‘venality’ and ‘ideology’. ‘Incompetence’ refers to an 

expert actually not being an expert in a particular field and/or not applying the required effort 

for a particular decision-making problem expected of other experts. ‘Venality’ refers to 

personal vested interests for pursuing a certain decision. ‘Ideology’ refers to the expert 

selectively adhering to evidence that supports their own belief system which will guide them 

to a certain decision. However, even competent, honest and unbiased experts will come up with 

different decisions for the same problem because of their fallibilities, particularly in complex 

and uncertain environments (Mumpower, Stewart 1996). Surgeons currently choose a variety 

of grafting configurations based on personal preference (Sohn, Lee et al. 2020). 

 

2.5.2.2 Information 

Experts may also make different decisions if they have access to different information or use 

the available information in distinct ways. There is no consensus in the literature regarding the 

best grafting configurations using BIMA and RA in triple vessel disease. An example of access 

to different information is new data from recent publications that may not be disseminated 

consistently. This situation can usually be rectified by peer learning unless there is an incentive 

to withhold information (Cahoy 2007). There is also an individual component relating to the 

way the same data set is incorporated between two experts. For example, there is variability in 

judgement of the functional significance of coronary stenoses, even when FFR is given as 
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different surgeons adhere to different cut-off values for differing arterial grafts (Glineur, 

Rahouma et al. 2020). Another example is information provided by computer simulations not 

being accepted as data by some scientists who debate on the degree of validation required by 

these simulations (Sargent 2013).  

 

2.5.2.3 Experiential learning 

Diversity in surgical training, experience and routine institutional practices has led to variations 

in perioperative care (Maier-Hein, Vedula et al. 2017). Another reason for the differences 

between competent, honest and unbiased experts is the absence of quality feedback which 

makes learning from experience very difficult. Experience does not lead to better decision-

making by experts in environments where learning from experience is not readily possible 

(Dawes, Faust et al. 1989). Cardiac surgeons often cite results from clinical studies on historical 

patients to form heuristics or use their own experience from operating on historical patients 

when determining a grafting strategy for a particular patient with their own unique circulation. 

However, the actual flows achieved down the coronary vessels following coronary bypass 

grafting is not part of the feedback that a cardiac surgeon routinely receives following an 

operation. Although gaining feedback regarding flows down grafts is possible with use of 

intraoperative TTFM, the information may be incomplete due to limitations in number of 

measurements performed and measurement errors.  

 

2.5.2.4 Insight into own performance 

Experts may also have difficulty in appraising their own judgement. They often overestimate 

their accuracy in decision-making and remember the good decisions and forget the bad 

decisions (Bolger, Wright 1994). For surgeons this might lead to a false belief that they are 

performing better than they are, especially when no feedback is provided for a particular result.  

 

2.5.3 Improving decision-making 

A variety of methods can be employed to improve decision-making. These include cognitive 

debiasing strategies (Croskerry, Singhal et al. 2013), scenario-based training sessions  (Phillips, 

Battaglia 2003), group processes (Surowiecki, Silverman 2007) and providing additional 

information. One means of providing additional information to aid decision making is to 

provide protocols or clinical guidelines (Grimshaw, Russell 1993). Although useful in 
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attempting to achieve standardisation of decisions made, the criticism of protocols and 

guidelines are that they can be too rigid, not allowing flexibility and they cannot possibly cover 

all situations, especially the less common ones. Furthermore, surgeons may not adhere to the 

guidelines, even when they are relevant. 

 

2.5.3.1 Providing additional information 

Sadigh et al. (2013) studied the impact of providing 3 cardiac surgeons with additional 

diagnostic radiological information from CTCA on their pre-operative decision-making for 30 

patients. With this additional information, the surgeons interpreted the patients as having more 

severe coronary artery disease in comparison to decisions based on viewing a conventional 

coronary angiogram. This led to the virtual selection of more invasive treatment choices. The 

surgeons differed in their level of expertise with 1 year of experience, 16 years of experience 

and 33 years of experience. The decision-making was at the level of which type of therapy 

should be administered for a patient, either medical therapy, percutaneous coronary 

intervention (PCI), CABG and not on grafting techniques per se. The most experienced 

surgeon had the highest degree of confidence in the CT coronary angiograms but irrespective 

of expertise, the confidence was much lower compared with conventional angiograms. 

Therefore, no matter how accurate additional information may be, if a cardiac surgeon is not 

familiar or confident in the use of the information, then they may not derive benefit from the 

provision of such information. 

 

Another powerful method of improving decision-making is to provide quantified information 

to reduce uncertainty. For coronary artery surgery, an example of this is the provision of FFR 

or iFR to guide surgery (Botman, Schonberger et al. 2007). Another example of quantified 

information available for use by a cardiac surgeon is intraoperative graft verification using 

TTFM. One study found that when cardiac surgeons were presented with additional 

information intraoperatively using TTFM and epiaortic ultrasound that this led to a change in 

surgical strategy in 25% of patients (Taggart, Thuijs et al. 2020). 
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2.5.3.2 Computer-aided decision making 

Decision support systems focus on providing information technology tools for use by decision-

makers with the objective of improving the quality and effectiveness, rather than efficiency of 

decisions (Keen 1987). The wider purpose of these systems is to incorporate any decision 

analysis or operational research models to evaluate or assess decision alternatives and/or find 

the optimal solutions of mathematical problems (Bohanec 2009). One potential component of 

surgical data science is the use of computers for decision-making, also known as, automation, 

which can occur at a variety of levels (Sheridan, Verplank 1978) (Figure 2.17).  

 

 

The limited cognitive ability of humans due to processing and memory capacity means that 

even expert decision-making is consistently outperformed by automated computational models 

based on simple equations (Dawes, Faust et al. 1989, Maule 2010). Even when a human has 

access to more information than a simple equation, the equation is typically superior due to the 

biases in human decision-making (Meehl 1954). Even when the equation is constructed with 

variable weights determined by non-optimal means, it still often outperforms expert judgement. 

The aim of collaboration in decision support is for humans and computers to discover solutions 

that are better than either one could come up with in isolation (Karacapilidis, Papadias 2001). 

With this goal in mind it is clear that there is significant potential for computational models to 

provide clinicians with quantitative information that can aid their decision-making (Regazzoni, 

Dedè et al. 2020).  
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Level 1 

 Human must take all decisions and actions 

Level 2 

Computer offers a complete set of decision/action alternatives 

Level 3 

Computer narrows selection down to a few alternatives 

Level 4  

Computer suggests one alternative 

Level 5 

Computer executes the alternative if the human approves 

Level 6 

 Computer gives time to human to veto the alternative after the human approves 

Level 7 

Computer executes the alternative and informs the human 

Level 8 

 Computer only informs the human of the alternative executed if the human asks 

Level 9 

Computer only informs the human of the alternative executed if the computer wants 

Level 10  

Computer takes all decisions and actions 

 

Figure 2.17 Computer-aided decision making  
There are 10 levels of automation ranging from humans taking all decisions and actions (level 1) to computers 

taking all decisions and actions (level 10) (Sheridan, Verplank 1978)  
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2.6 Computational models of coronary artery bypass grafts  

Computational fluid dynamics (CFD) modelling of non-diseased and diseased coronary artery 

circulations has been covered in a recent review article (Carvalho, Pinho et al. 2021). There are 

a variety of existing multi-scale computational models that have been used to investigate 

coronary artery bypass graft configuration designs. The more complex 3D models have been 

limited in the breadth of their investigation due to increased computational expense. In contrast, 

the reduced order models have generally been able to deal with more comprehensive grafting 

configurations. 

 

2.6.1 3D and 3D-0D models 

Swillens et al. (2012) used a simplified geometrical model that only considered the LIMA to 

LAD vessels to investigate the notion of competitive flow based on LAD stenosis. The 

geometric and physiological parameters in their study were estimated from a pig model using 

a real cast of the anastomosis obtained after TTFM measurements were performed on the live 

pig. They used ANSYS software for their 3D CFD calculations which included calculations of 

wall-shear stress. They varied the degree of stenosis in the computational model from 0% to 

100%. Zhao et al. (2016) used a patient-specific 3D-0D lumped parameter model of the aortic 

arch and major coronary arteries to investigate the hemodynamics of the string phenomenon 

that occurred in an IMA to LAD graft when the LAD stenosis was only moderate. They 

determined that the two significant contributing factors were reverse flow in the graft and a 

high oscillatory shear index (OSI). 

 

Morimoto et al. (2017) created 3D computational models based on the postoperative CTCA of 

3 patients that had undergone CABG for left main or triple vessel disease for whom 

intraoperative TTFM had been measured for the IMA to LAD graft. They were able to validate 

the accuracy of their simulations with in vivo data. They only focussed on the IMA to LAD 

graft and simulated both intraoperative hyperemic conditions and rest conditions. The 

calculated MGF in their simulations at hyperemia compared with the TTFM measurements at 

hyperemia was 4.3 ml/min lower (range: -12.3 ml/min to + 9.2 ml/min).  
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Rezaeimoghaddam et al. (2020) investigated two arterial configurations based on one patient. 

In the first configuration, there were two tandem stenoses in the LAD and the LIMA was used 

to sequentially bypass these stenoses. In the second configuration there were additional 

stenoses in the CIRC vessels and a composite LIMA Y was constructed with the RA that went 

sequentially to the LAD and both CIRC branches.  They measured MGF as well as wall shear 

stress (WSS) for various grafting angles and degrees of stenosis between 75% to 90%.  

 

Koyama et al. (2014) used ANSYS-CFX open-source software to create a 3D CFD model to 

compare “independent” separate grafts for the LAD, diagonal and CIRC with composite 

sequential SVG grafts to the diagonal and CIRC and Y-composite arterial grafts to the LAD 

and DIAG. They varied the stenosis in the native coronary vessels from 75 to 90% and 

examined flow through the native coronary arteries and the grafts. They found that in order to 

avoid reverse flows in grafts and reduced flows in the coronaries, the satisfactory graft 

configurations depended upon the severity of the stenosis in the diagonal vessel. However, 

their study was not based on a patient-specific model based on geometric segmentations from 

patient scans but an extremely simplistic idealised geometry that did not include other major 

coronary branches or systemic aortic branches. Additionally, the authors only compared three 

grafting configurations using LIMA and vein graft conduits. Furthermore, they only examined 

grafts to the left-sided circulation. Laohasurayodhin et al. (2014) used ANSYS to undertake 

simplified 3D computational models to compare sequential and separate grafting techniques. 

They concentrated on hemodynamic stresses (OSI and WSS) and found that these were more 

favourable in the distal anastomoses for the sequential grafts.  

 

Wang et al. (2020) used a 3D-0D lumped parameter model to investigate the hemodynamic 

consequences of performing CABG in patients with coronary artery aneurysms. They obtained 

the patient-specific coronary geometry from one individual’s CTCA and then introduced a 

coronary artery aneurysm to the LAD of three differing diameters and virtual bypass grafting 

configurations using a LIMA or SVG. They examined the pressures and flows from the 

configurations and analysed the effect of ligating the coronary aneurysm on bypass graft flow. 
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Sankaranarayanan et al. (2006) constructed 3D coronary bypass models of aortocoronary 

bypass grafts to the left and right coronary arteries using saphenous veins to investigate reasons 

for their poor long-term patency. They used CFD software (FLUENT) for quasi-steady flow 

simulations using finite volume methods. They used separate inflow boundary conditions at 

the aortic entrance, the ascending aorta, the left coronary artery and the right coronary artery. 

Given their interest in long-term patency, their simulation included the flow patterns at the 

proximal and distal anastomoses and the shear stresses.  However, they did not model the whole 

coronary and relevant aortic circulations but extracted a limited number of vessels that were 

represented using an idealised geometry. Kabinejadian et al. (2010) performed a similar study 

using FLUENT investigating the wall shear stresses arising from an aortocoronary bypass graft, 

but involving a sequential graft to the first two obtuse marginal arteries off the CIRC. In this 

study, they compared the effects of the stresses resulting from a diamond-shaped anastomosis 

and a parallel anastomosis, according to various degrees of stenoses. 

 

Khan et al. (2018) performed an elegant study where they used 8 patients who had undergone 

CABG where at least one of the SVG grafts used had developed a stenosis as a result of 

fibrointimal hyperplasia. Each patient also had at least one non-stenosed SVG graft. They 

performed CFD simulations on the bypass grafts to calculate hemodynamic predictors 

including time-averaged wall shear stress (TAWSS), OSI, and low-shear area as well as 

anatomical predictors such as SVG curvature, torsion, length, area and tortuosity. On statistical 

analysis they found that all hemodynamic stress indicators predicted SVG disease, whereas 

only SVG area correlated from the full set of anatomical predictors.  

 

Wang et al. (2016) constructed a patient-specific coronary circulation model based on one 

patient’s CTCA scan to investigate the hemodynamics of sequential grafts from the right to left 

coronary system. They utilised a 3D-0D multi-scale model to compare two grafting 

configurations, using an unspecified graft type, but presumably a SVG as they mentioned the 

lower patency of this conduit and were calculating wall shear stress. In the first configuration, 

there was one graft to the RCA and a sequential graft from the aorta to the LAD then the CIRC. 

In the second configuration, there was a separate graft to the LAD and a sequential from the 

aorta to the RCA and CIRC. However, the first grafting configuration they described is not in 

common use, thereby limiting the practical usefulness of their study.  
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Dur et al. (2011) employed a 3D-0D lumped parameter model based on the postoperative CT 

scan of one patient who had undergone CABG with a LIMA to LAD and SVG sequential graft 

from the aorta to the CIRC and PDA. They used software that enabled the shape and location 

of grafts to be altered in an interactive fashion. They investigated the optimal shape of a variety 

of graft configurations with SVG and IMA to each artery in terms of the length of the grafts 

and locations of the anastomoses according to minimising wall shear stresses and other 

hemodynamic indices such as energy dissipation and flow deviation angle and vorticity. 

Sankaran et al. (2012), used the post-op CTCA of one patient that had undergone CABG to 

obtain geometric data which included the aorta, aortic branch vessels (innominate artery and 

carotid), coronary arteries and multiple CABG grafts. They utilised a 3D-0D finite element 

solver where the lumped parameter model variables were tuned to the patient-specific 

parameters. They systematically parameterised the graft geometry by varying the graft shape 

using Bezier splines in order to see the effects of graft shape on the wall shear stress profiles. 

 

2.6.2 1D and 1D-0D models  

Although there are a variety of 1D models in the published literature for the native coronary 

circulation (Mynard, Penny et al. 2014, Blanco, Bulant et al. 2018, Duanmu, Chen et al. 2019) 

and stenotic coronary circulations (Carson, Roobottom et al. 2019, Faes, Meer et al. 2020), a 

search of the literature revealed no 1D or 1D-0D lumped parameter models investigating 

CABG configurations. Ghigo et al. (2017) created a 1D model for bypass graft assessment to 

investigate grafts such as aorto-femoral, axillo-femoral and femoral cross-over grafts used for 

vascular surgical operations. Marchandise et al. (2009) used a coupled 1D-0D model for 

predictive vascular surgery for femoro-popliteal bypass grafts. Steele et al. (2003) used a 1D 

finite element method to model thoraco-thoraco aortic bypass grafts. However, the grafts in 

vascular surgery are of significantly larger diameter and as they are placed onto systemic 

arterial branches, the lumped parameter models are simplified in that they do not need to 

account for the effects of myocardial contraction. Therefore, traditional boundary conditions 

can be applied in vascular surgery models, whereas there is a need to account for ventricular 

contraction in CABG models (Sankaran, Moghadam et al. 2012)  
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2.6.3 0D lumped parameter models and reduced order methods 

Pietrabissa et al. (1996) employed a lumped parameter model to allow calculation of flow rates 

and pressures in the relevant vessels simulated to investigate four bypass configurations for 

stenoses in the LAD, diagonal, CIRC and two OM branches.  The four configurations 

investigated were a single SVG, a single IMA, a sequential SVG and sequential IMA while 

varying the degree of stenoses from 0% to 100%. They found the IMA to have more favourable 

flow rate and shear stress patterns compared with the SVG, in keeping with the known long-

term patency of these types of grafts. However, on account of diameter, the initial flow carried 

by the SVG was greater. The sequential bypass grafts had better hemodynamics at the proximal 

anastomosis but were inferior at the distal anastomosis when compared with single grafts.  

 

Mao et al. (2019) constructed a lumped parameter model as their existing multiscale 3D-0D 

model for CABG took in excess of one week to construct and solve, limiting the practical 

usefulness of that model. Their lumped parameter model was applied to investigate a LIMA to 

LAD graft versus an aortocoronary SVG to LAD with native coronary stenoses of 50% and 

90%. They were able to calculate both MGF and PI for the grafts and their results fitted well 

with their 3D model results.  

 

Ballarin et al. (2017) used a reduced order model to perform a comprehensive computational 

modelling study regarding patient-specific CABG configurations. Their justification for this 

reduced order strategy was the computational expense of using finite-element type solvers 

(Ballarin, Faggiano et al. 2016). Using this reduced approach they were able to return desired 

solutions within minutes with their model for 10 post-op CABG patients that had undergone 

CTCA. In the simplest of cases one patient had only 1 bypass graft, and there were up to 4 

grafts modelled in 3 other patients. Additionally, there was a distribution of sequential and 

simple grafts as well as composite grafts, however, no patients had use of BIMA. They 

investigated at both standard and increased flow conditions the TAWSS for Y-grafts, 

sequential anastomoses, the effect of stenosis severity on OSI and WSS, the effect of different 

graft types and the effects of grafting strategies on native coronary bifurcations. They also 

virtually removed bypass grafts to enable pre-surgery and post-surgery comparisons.  
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Li et al. (2021) used a deep-learning network to analyse and reproduce the cardiovascular 

geometry and internal hemodynamic relationships to avoid the need to construct patient-

specific computational models for CABG. They were able to decrease the computational 

efficiency to 1 second, with a prediction accuracy of approximately 90% for more than 2 

million nodes. They analysed the FFR and restored flow from the virtual CABG grafting cases 

created using idealised geometry to demonstrate expected behaviour from the models.  

 

2.7 Summary 

There are a wide range of grafting configurations used by surgeons internationally for patients 

with triple vessel coronary artery disease using bilateral internal mammary arteries plus or 

minus radial arteries. In this literature review 12 configurations were covered in detail, of which 

8 were anaortic strategies. For arterial grafting there has been importance placed on quantitative 

functional assessment. FFR or iFR are well validated measures of the functional severity of 

stenoses which should inform CABG to avoid competitive flows and unbalanced flows in 

grafts. Intraoperative TTFM parameters such as MGF and PI provide valid measures of 

quantitative graft function that correlate with graft patency for arterial grafts. 

 

The existing studies comparing total arterial configurations using BIMA and RA that have 

looked at clinical outcomes such as mortality, MACE and patency on coronary angiography 

have revealed differing and conflicting results. TTFM comparisons between grafting 

configurations have also revealed few significant differences. Some authors have claimed that 

all grafting configurations work equally whereas others have claimed that some grafting 

configurations are superior to others. Decision-making theory highlights the environment of 

uncertainty in which cardiac surgeons make selections for CABG grafting configurations. 

Computer-aided decision-making is one potential method for reducing this uncertainty.  

 

A variety of existing computational models have been developed to investigate aspects of 

CABG configurations. 3D models tend to be limited by their relative lack of computational 

efficiency. More comprehensive grafting configuration scenarios have been investigated with 

reduced order lumped parameter models. No 1D-0D lumped parameter models for CABG were 
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found in the literature. Although a variety of computational models have been created seeking 

hemodynamic optimization using virtual surgical planning and simulation, none have 

investigated the use of BIMA and radial arteries in total arterial revascularisation. Furthermore, 

previous studies have not explored the use and influence of computational models in the 

decision-making amongst cardiac surgeon experts and novices for coronary artery bypass 

grafting configurations.  
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3.1 Motivation 

 

3.1.1 Prior knowledge 

From the Background and Literature Review in Chapter 2, it was contended that total arterial 

revascularisation using bilateral internal mammary and radial arteries should be the preferred 

conduits for performing coronary artery bypass surgery in patients with multivessel coronary 

disease due to better patient outcomes (Rayol, Eynde et al. 2021, Buttar, Yan et al. 2017, Grau, 

Kuschner et al. 2016). However, there is still no consensus, even amongst experts on the 

optimal arrangement of these conduits (Kalavrouziotis and Mohammadi 2021). Previous 

clinical studies have attempted to compare two to four configurations with one another but 

failed to consistently demonstrate the superiority of one configuration over another (Di Mauro, 

Iacò et al. 2016, Magruder, Young et al. 2016).  

 

3.1.2 Current issues 

The problem that arises from a lack of quantifiable information and feedback available to a 

surgeon, regarding the particular grafting configuration employed, is that it is difficult to assess 

which grafting strategies are superior. Furthermore, each patient has a different degree of 

coronary circulatory impediment arising from their stenoses. The motivation behind this 

research was to provide surgeons with additional quantitative information that they could use 

to tailor their grafting configurations in a patient-specific manner to enable them to make better 

decisions when faced with uncertainty.  

 

3.2 Research questions  

 

3.2.1 Primary research question 

The main research question was whether patient-specific predictive computational models 

could aid cardiac surgeons in selecting favourable grafting configurations using bilateral 

internal mammary and radial arteries in patients with severe triple vessel coronary artery 

disease. 
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The secondary research question was whether there would be any difference in how the 

predictive computational model results affect the decision-making between expert and novice 

coronary surgeons. 

 

3.3 Aims 

In order to answer the primary research question, the first goal of this research project was to 

create accurate patient-specific 1D-lumped parameter computational models to predict flows 

from coronary artery bypass grafting configurations. The second goal was to determine and 

compare the satisfactory and unsatisfactory bypass grafting configurations for a specific 

patient’s diseased coronary circulation including consideration of optimal configurations. The 

third goal was to compare the accuracy of the existing standard method of decision making by 

cardiac surgeons with the computer modelling informed cardiac surgeons. To address the 

secondary research question, the fourth goal was to compare differences between the computer 

model’s influence on expert and novice cardiac surgeons.   

 

3.4 Scope of the study  

The following 3 broad tasks were undertaken to investigate the above research questions and 

aims: 

(i) Creation of patient-specific predictive computational models of grafted coronary 

circulations  

5 native coronary circulation models of patients with severe triple vessel coronary disease were 

segmented from CT coronary angiogram patient images and used to create patient-specific 

computational models of non-diseased, stenotic and grafted coronary circulations. These 

models provided the basis to predict flows down vessels of interest including the major native 

coronary arteries and their grafts. These computational models were 1D coupled to 0D lumped 

parameter models. The numerical scheme used to solve the blood flow and pressures 

throughout the cardiac cycle for the vessels was the two-step Lax-Wendroff method using a 

new standalone Python code package called “COMCAB”.  
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(ii) Investigation of coronary artery bypass graft configurations for each patient-

specific model  

The 5 models were interrogated to determine the ideal, satisfactory, unsatisfactory and optimal 

bypass graft configurations in terms of flow achieved in the native coronary arteries and bypass 

grafts. This was achieved by creating 12 configurations using bilateral internal mammary and 

radial arteries by varying the arrangements of the inlet and outlet vessels for each conduit and 

investigating both aortic and anaortic strategies.  

 

(iii) Conducting a study examining the influence of computational models on improving 

the selection of bypass grafting flow strategies by expert and novice coronary 

surgeons  

A group of 16 cardiac surgeons (8 expert and 8 novice) were surveyed using the 5 patient cases 

and asked to note their intended grafting strategies for each patient-specific diseased 

circulation. They were then provided with the computational models’ predictions of the graft 

performance and myocardial perfusion restored by each of the 12 grafting configurations and 

asked to select their new favoured grafting configurations.  
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4.1 Introduction 

This chapter commences with a description of the methodology used for the creation of the 

patient-specific computational models. This includes the geometric parameterisation of the 

models, the mathematical modelling for the computational fluid dynamics and the 

implementation of the models. Thereafter the processes for verification and validation of the 

models are outlined. Finally, a detailed description regarding the conduct of the study involving 

the cardiac surgeons is delineated. 

 

4.2 Geometric parameterisation of 1D-0D vessel network topologies 

4.2.1 Patient-specific segmentation of coronary artery circulations 

Institutional ethics review was obtained to access the CT coronary angiogram studies of 

patients with multivessel coronary artery disease (Ethics approval number: A+6900, 

23/09/2015). The acquired images were anonymised. The CTCA studies had been conducted 

on a Siemens SOMATOM Definition Flash 128- Slice Dual-Source CT scanner or a Toshiba 

320-slice Aquilion ONE scanner. The images for each patient were between 311 to 640 slices 

with an incremental distance between adjacent slices of 0.25 mm to 0.4 mm. 

 

The segmentation of the major epicardial and intramyocardial coronary vessels was achieved 

using a manual method with the open source softwares of Horos and The Visualization ToolKit 

(VTK). Horos is a DICOM image-based viewer with measuring capabilities (Horos Project 

2015). VTK is an advanced 3D visualisation software with capabilities for manipulating and 

displaying data (Schroeder, Martin et al. 2006). Nodes were manually placed for the centre 

points of vessels in Horos on consecutive axial image slices (Figure 4.1).  
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Figure 4.1 Selection of major coronary vessel centreline points 
In this example of one axial CTCA slice, there were 8 nodes selected for the centre point of the 8 vessels, as 

displayed by the green points. This process was repeated for the consecutive slices 

 

If the vessel segment was off-axis, then the position of the node was verified against the sagittal 

and coronal image slices (refer to Figure 4.2).  

 

 

                         (A)                                              (B)                                         (C) 

Figure 4.2 Verification of off-axis major coronary vessel centreline points 
The axial slice (A) was compared with the coronal slice (B) and sagittal slice (C) to verify the centre point of any 

vessels that were off-axis in the axial slice 

 

The rectangular Cartesian coordinates for these nodes were exported using the Horos Plugin 

for region of interest (ROI): “Copy ROI Info”. These coordinates were then read into VTK and 

the centrelines composed by creating elements to connect the relevant nodes. The linear 

measurement tool in Horos was used to obtain diameter measurements for the vessels at every 

4th axial slice to reduce errors from multiple measurements within a short axial distance. In 
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order to construct, a disease-free coronary circulation, the sites of stenoses along the coronary 

vessels were initially ignored. Their locations were noted and later incorporated into the 

stenotic circulation model. Once the diameters of the vessels were obtained, they were 

converted to radii. A three-dimensional model of the coronary circulation relevant for surgeons 

was then created using the information from the centreline extraction and vessel radii and these 

were displayed using VTK. An example is shown where the 21 different vessel segments are 

shaded in different colours and composed of 8 bifurcations and 1 trifurcation (refer to Figure 

4.3).  

 

Figure 4.3 3D visualisation of patient-specific coronary artery geometry 
The major epicardial and intramyocardial branches of interest to the surgeons for the left coronary system 

included: Left Main Coronary Artery (LMCA), Left Anterior Descending Artery Segments (LAD, LAD1, LAD2), 

Diagonal Artery Branches (D1 and D2), Intermediate Artery (INT), Circumflex Trunk (CIRC), Obtuse Marginal 

Artery Branches (OM1 and OM2). Those of interest for the right coronary system included the main Right 

Coronary Artery Segments (RCA, RCA1, RCA2), the Conus Artery and its Branches (CONUS, CONUSa, 

CONUSb), Acute Marginal Artery (AM), Posterior Descending Artery and Branches (PDA, PDA1, PDA2) and 

the Posterolateral Branch to the Left Ventricle (PLB). This network of 21 vessel segments contained 8 bifurcations 

and 1 trifurcation involving the LMCA into the LAD, INT, CIRC 

 

 

Although there are a variety of automated, semi-automated and manual methods for vessel 

segmentation (Wang and Liatsis 2012, Cui et al. 2020), a manual method was chosen for this 

research based on the requirement of accuracy and reliability. The major drawback of the 

manual method was the increased time taken for segmentation. Although automated methods 

of centreline extraction are significantly more time-efficient they suffer from image artefact 
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and are prone to errors where the distal vessels are less than 1.5mm as well as in areas of vessel 

stenoses (Wang and Smedby 2010). The manual method described in this project allowed for 

vessels to be segmented distally to diameters as low as 0.25mm. The segmentation of an 

individual patient’s coronary circulation was achieved in approximately 6 hours. 

 

4.2.2 3D to 1D mapping of segmented coronary arteries 

Each vessel segment was segmented via  𝑁 centreline points with 3D rectangular Cartesian 

coordinates from (𝑋0, 𝑌0, 𝑍0) to (𝑋𝑁−1, 𝑌𝑁−1, 𝑍𝑁−1). The axial length, 𝐿, in one dimension of 

that vessel segment was obtained by mapping each point to the 1D domain using a function 

defining the Euclidean distance between points:  

 For 𝑓:ℝ3 → ℝ, 

𝑓(𝑋𝑛, 𝑌𝑛, 𝑍𝑛) =  √(𝑋𝑛 − 𝑋𝑛−1)
2 + (𝑌𝑛 − 𝑌𝑛−1)

2 + (𝑍𝑛 − 𝑍𝑛−1)
2  

                            for 1 ≤ 𝑛 ≤ 𝑁 − 1  

                            and 𝑓(𝑋0, 𝑌0, 𝑍0) = 0 

where 

𝐿 = ∑ 𝑓(𝑋𝑛, 𝑌𝑛, 𝑍𝑛)

𝑛=𝑁−1

𝑛=0

 

 

 

 

 

 

 

 

 

 

 

 

 

(4.1) 

 

The radii measured from the CT scans at the relevant (𝑋𝑛, 𝑌𝑛, 𝑍𝑛) points, were similarly 

mapped onto the 1D vessel segment at each point (𝑋′𝑛) and this graphical representation can 

be seen in Figure 4.4. 
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Figure 4.4 1D vessel geometry obtained from 3D vessel geometry 

 

 

4.2.3 Addition of 1D-0D coronary side branches at step-wise vessel tapering 

Although, the CT coronary angiograms were useful in obtaining the geometry of the major 

epicardial and intramyocardial coronary artery branches, the resolution was not sufficient to 

accurately obtain smaller side branches of these vessels. Some of these smaller branches could 

be visualised from the invasive 2D coronary angiograms (Figure 4.5). 
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Figure 4.5 Side branches visualised on invasive coronary angiogram 
The white arrows on the left-side point to smaller septal perforators off the LAD, while the white arrow on the 

right-side points to a smaller diagonal vessel 

 

Accounting for the side branches was considered important for the physiological blood flow 

and pressure solutions along the major coronary arteries. Using the invasive coronary 

angiogram as a guide for each patient, truncated 1D branches were added along the original 

vessels segmented from the CT coronary angiogram. These truncated branches were then 

connected to a terminal 0D lumped parameter model which was a 3-element Windkessel 

(3WK) comprising of resistance-capacitance-resistance (RCR) parameters. This lumped model 

represented the distal microcirculation taking into account the effects of myocardial contraction 

on the terminal circulation due to contraction of the ventricles (as described in Section 4.3.6).  

 

Another method that has been used to account for side branches is a physiological 1D leakage 

model using Murray’s law to taper arterial vessel segments (Gosling, Sturdy et al. 2020). 

However, an anatomical treatment of the side branches was used in this study as it allowed for 

a step-wise vessel taper of the main coronary arteries. There exists a normal angiographic 

tapering of coronary artery vessels (Zubaid, Buller et al. 2002). Some authors have modelled 

this continuous taper according to exponential equations (Olufsen 1998, Myers and Capper 
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2004). The radius along the vessels obtained from the CT coronary angiograms did not 

represent a strict tapering due to a localised increase and decrease in radius along the vessel 

and measurement errors. If a vessel segment has an unfavourable tapering angle, by either 

having a radius from inlet to outlet decreasing significantly or a radius from inlet to outlet 

increasing, then the pressure can increase or decrease in a non-physiological manner. To 

overcome this issue, a step-wise vessel tapering approach was employed for the anatomical 

models, rather than a continuous taper. The step-wise reduction in vessel diameter was 

conveniently applied at the added side-branch bifurcations, resulting in a model with each new 

vessel segment having a constant radius throughout its length (Figure 4.6). 

 

 

 

 

 

Figure 4.6 Stepwise vessel tapering at added coronary side branches  
The original segment of the LAD termed the LAD3 that was extracted from the CT coronary angiogram has 

undergone step-wise tapering with addition of perforating (p) side-branches. In this example, the original segment 

is now made up of 9 new vessel segments with the naming convention for the main vessel and side branches as 

described. Terminal vessels are connected to lumped parameter 3WK models 
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This method of step-wise taper at the bifurcations, avoided the sudden oscillations and 

reflections due to geometric non-uniformity seen at step-wise reductions of main vessel 

diameters in other studies (Matonick and Li 2001, Abdullateef, Mariscal‐Harana et al. 2020). 

This also resulted in an increase in the number of individual segments in the coronary artery 

network topology from approximately 20 to 30 from the initial coronary artery segmentation 

to approximately 110 to 120 vessel segments post manual processing. This was accompanied 

by an increase in the number of bifurcations from approximately 10 to 60 and the same single 

trifurcation if there was an intermediate artery. 

 

4.2.4 Addition of generic 1D-0D systemic aortic branches 

The addition of coronary artery bypass grafts to the network topology of the native coronary 

circulation required the consideration of vessels in the systemic circulation which branch off 

the sub-branches of the aorta, namely, the left internal mammary artery and the right internal 

mammary artery. It also required including the ascending aorta, itself, as the proximal (inlet) 

connection of the bypass grafts often attached to this. Many of these additional aortic branches 

and sub-branches could not be segmented from the CT coronary angiograms due to the limited 

extent of scans involving the thorax. A formal CT aorta that spans the neck and down to the 

abdomen would be required and this was not available for most patients. Therefore, typical 

radii and lengths of the relevant non-terminal systemic vessels were estimated from the 

literature, where available (Low, van Loon et al. 2012, Al-Jumaily and Lowe 2013). The 

systemic vessels that led to terminal branches were truncated prematurely and coupled to a 

lumped parameter 3WK RCR model, which unlike the lumped parameter model for the 

coronary microcirculation, did not incorporate the effects of myocardial contraction. The 

typical dimensions used generically for all patients are reported in Table 4.1 and the geometry 

represented in Figure 4.7. 

 

 

 

 

 



64 4.2 Geometric parameterisation of 1D-0D vessel network topologies 

___________________________________________________________________________ 

 

 

Table 4.1 Typical dimensions for systemic aortic branches 

Vessel segment name Abbreviation Radius (cm) Length (cm) 

Aortic Root I AO1 1.47 0.5 

Aortic Root II AO2 1.47 0.5 

Ascending Aorta AA 1.47 3 

Innominate Artery INN 0.62 3 

Aortic Arch I ARCH1 1.12 2 

Right Common Carotid Artery RCC 0.4 3 

Right Subclavian Artery I RSCA1 0.48 3 

Right Vertebral Artery RVA 0.2 13.5 

Right Subclavian Artery II RSCA2 0.47 0.75 

Right Internal Mammary Artery RIMA 0.14 18.2 

Right Subclavian Artery III RSCA3 0.45 2.5 

Left Common Carotid Artery LCC 0.37 3 

Aortic Arch II ARCH2 1.07 3.9 

Descending Aorta DA 0.999 5.2 

Left Subclavian Artery I LSCA1 0.423 3 

Left Vertebral Artery LVA 0.2 13.5 

Left Subclavian Artery II LSCA2 0.407 0.75 

Left Internal Mammary Artery LIMA 0.13 18.2 

Left Subclavian Artery III LSCA3 0.38 2.5 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.7 Common 1D-0D aortic vessel geometry for all patients’ native circulations 
The common systemic branches network is connected to the patient-specific networks for the individual’s right 

coronary artery (RCA) and left main coronary artery (LMCA) branches, which are represented by the spiky shapes 

in the above figure. An example of such a network topology of a non-diseased coronary-systemic circulation can 

be seen in Figure 5.6 
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Although this approach added 19 more vessel segments to the topology of the coronary 

circulation model, it was considered preferable for modelling purposes, compared to using 

generalised transfer functions to represent the LIMA, RIMA and grafts attached to the 

ascending aorta. Guala et al. (2019) found a 1D-0D lumped parameter model to be more 

accurate in estimating aortic pressures than generalised transfer functions. Therefore, each 

patient-specific disease-free coronary circulation was nested within a generic systemic aortic 

circulation. These networks consisted of 1D vessels connected through bifurcations and, if 

there was an intermediate artery, a trifurcation. The terminal 1D vessels were connected to 0D 

lumped parameter models. 

 

4.2.5 Addition of 1D-0D stenoses 

The CT coronary angiograms were used to identify the location of the stenoses and the length 

of each stenosis. The coronary tree diagram, which was the cardiologist’s interpretation of the 

invasive coronary angiogram was used to determine the percentage stenosis diameter. These 

measurements were then applied to the 1D vessel network topology, by renaming the vessel 

segment proximal to the stenoses as “_psten” and distal to the stenoses as “_dsten” and having 

the respective lengths of these vessels adjusted. Along the length of the stenosis itself, a 0D 

lumped parameter model was used to represent the pressure drop across the stenosis (Figure 

4.8).  

Figure 4.8 Example of 1D-0D construction of a stenosis in network topology  
Adding a 0.7cm length stenosis, 1.1cm along the LAD3_2 segment, results in 2 new vessel segments termed 

LAD3_2_psten and LAD3_2_dsten with new lengths 1.1cm and 1.0cm, respectively. 

 

The mathematical formulations detailing the lumped parameter stenoses are described in 

Section 4.3.5.3. 
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4.2.6 Addition of 1D grafting vessel branches 

Grafting configurations were added into the network topologies containing stenoses to create 

a complete grafting network topology. The graft itself, represented at least one new vessel 

segment and in the case of the in situ LIMA or in situ RIMA, it was now connected to a distal 

site in the coronary circulation. The existing vessel segment proximal to the site of entry to the 

graft was renamed “_pgraf” and the vessel segment distal to the site of entry to the graft was 

renamed “_dgraf” (Figure 4.9). 

 

 

Figure 4.9 Example of 1D representation of end-to-side graft in network topology  
Adding a LIMA graft to the LAD3_3 segment, termed the LIMA_LAD3_3, results in the LAD3_3 vessel segment 

being divided into 2 new segments proximal and distal to the graft site entry which are termed as LAD3_3_pgraf 

and LAD3_3dgraf, respectively. These 3 vessels would now constitute a reverse bifurcation.  
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At its point of entry to the coronary circulation, a graft, could also be a sequential (side-to-side) 

graft and continue on to terminate on another distal site (Figure 4.10).  

 

 

Figure 4.10 Example of 1D representation of sequential (side-to-side) graft in network 

topology  
In this example, the RIMA graft goes sequentially from the LAD to the PDA. The 4 individual vessel segments 

of RIMA_LAD3_3, RIMA_PDA_2, LAD3_3_pgraf and LAD3_3_dgraf form a cross-junction.  

 

At the proximal origins, a graft might be in situ and originate off the subclavian artery (LIMA 

or RIMA) or be a free graft and either come off another graft as a Y-graft or might arise off the 

aorta. In each of these three cases, the graft becomes part of a regular bifurcation (Figure 4.11).  
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Figure 4.11 Example of 1D representation of proximal graft connection in network topology  
In this example, the radial artery to posterior descending artery graft (RA_PDA) originates off the aorta as an 

aorto-coronary graft (A). An in situ LIMA graft comes of the Left Subclavian Artery (B). A free RIMA comes 

off the LIMA as a Y-graft (C). 

 

In certain situations, a graft itself needs to be lengthened and this can be represented by an I-

graft, where another graft needs to be anastomosed end-to end to lengthen it (Figure 4.12). 

 

Figure 4.12 Example of 1D representation of I-graft connection in network topology  
The RIMA is lengthened by anastomosing the radial artery end-to-end, in order to reach the PDA. 
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Finally, an uncommon graft is a jump-graft where the proximal end of the graft is connected 

to a native coronary artery (Figure 4.13). 

 

Figure 4.13 Example of 1D representation of J-graft connection in network topology  
The RIMA is lengthened by anastomosing the radial artery end-to-end, in order to reach the PDA. 

In summary, the complete 1D Network topology of a grafted circulation contained: a network 

of branching 1D vessel segments with a single inlet root vessel segment (Aortic Root I) and 

junctional relationships between vessel segments that were bifurcations, trifurcations, stenoses, 

reverse bifurcations, cross-junctions or connections. These were coupled to a 0D lumped 

parameter model of the stenoses and the terminal vessel segments were coupled to a 0D lumped 

parameter 3WK model. The coronary flow through these network topologies could then be 

predicted using computational fluid dynamics. 

 

4.3 Mathematical modelling of 1D-0D vessel networks  

 

4.3.1 Governing 1D Navier-Stokes equations 

The 1D Navier-Stokes equations for Newtonian, incompressible fluids were integrated over 

cross-sectional area to give the following governing equations for a straight elastic artery vessel 

segment assuming a no-slip boundary condition and axisymmetric flow (Müller, Leugering et 

al. 2016): 
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Conservation of mass equation: 

 𝜕𝐴

𝜕𝑡
+

𝜕𝑄

𝜕𝑥
= 0 

 

(4.2) 

Conservation of momentum equation: 

 𝜕𝑄

𝜕𝑡
+

𝜕

𝜕𝑥
(𝛼

𝑄2

𝐴
) +

𝐴

𝜌

𝜕𝑃

𝜕𝑥
= −2𝜋𝜈

𝛼

𝛼 − 1

𝑄

𝐴
 

 

(4.3) 

where 𝐴 is the cross-sectional area of the vessel in cm2, 𝑄 is the flow rate in cm3/s, 𝑃 is the 

pressure in dyne/cm2 , 𝑥 is the axial dimension along the vessel in cm, 𝜌 is the density of blood 

assumed essentially incompressible with a constant value 𝜌 ≈ 1.06 g/cm3, 𝜈 is the kinematic 

viscosity (𝜈 =
𝜇

𝜌
) , 𝜇 is dynamic viscosity with 𝜇 = 0.046 dyn∙s/cm2 (Duanmu, Chen et al. 

2019, Olufsen 1999) and 𝛼 is the momentum correction coefficient (Coriolis coefficient) that 

accounts for the non-linear integration of cross-sectional radial velocities and determines the 

shape of the velocity profile, 𝜙(𝑟), through Equation (4.4), 𝑅 is the lumen radius and 𝑟 is the 

radial coordinate (Adjoua, Pitre‐Champagnat et al. 2019):   

 
𝜙(𝑟) =  

𝛼

2 − 𝛼
 (1 − (

𝑟

𝑅
)

2−𝛼
𝛼−1

) 
 

(4.4) 

Some authors summarise the exponential term in Equation (4.4) using the single parameter, 𝛾, 

(Smith, Pullan et al. 2002): 

 
𝛾 =  

2 − 𝛼

𝛼 − 1
  

 

(4.5) 

𝛼 can take a value between 1 which corresponds to “plug flow” or a flat profile (Wang, Fullana 

et al. 2015) and 𝛼 = 4/3 which is a fully developed parabolic velocity profile that corresponds 

to Poiseuille’s laminar flow (Blanco, Watanabe et al. 2014). Previous studies regarding velocity 

profiles have found that in the coronary arteries, the flow is typically flatter corresponding to  

𝛼 = 1.1, whilst 𝛼 = 1 violates the no-slip boundary condition (Smith, Pullan et al. 2002). Even 

in larger arteries such as the aorta there is a relatively blunt velocity profile (Seed, Wood 1971). 

For the purposes of this work, the larger systemic aortic branches were assigned a value of  

𝛼 = 1.05, while the smaller branches were treated with a similar velocity profile to the 

coronary arteries 𝛼 = 1.1 .  
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4.3.2 Constitutive Pressure-Area relation 

The constitutive equation to close the system of 2 equations with 3 unknowns (𝑄, 𝑃, 𝐴) is a 

relationship between 𝑃 and 𝐴, based on LaPlace’s law (pressure as a function of area). The 

transmural pressure, 𝑃 − 𝑃𝑒𝑥𝑡, which is the difference between internal and external pressure 

was given by: 

 

𝑃 − 𝑃𝑒𝑥𝑡 = 𝑓 (1 − √
𝐴0

𝐴
) + 𝑃0  

 

(4.6) 

 
𝑓 =  

4

3

𝐸ℎ

𝑅0
= 

4

3
(𝑘1 ∙ 𝑒𝑘2∙𝑅0 + 𝑘3) 

 

(4.7) 

and it accounts for the arterial wall being modelled as a thin, incompressible, homogenous, 

isotropic, elastic membrane with elastic modulus 𝐸, wall thickness ℎ and radius 𝑅 with 𝑅0 and 

𝐴0 being the unstressed radius and corresponding area and 𝑃0 the reference pressure. For the 

1D vessels that are not terminal vessels affected by an external myocardial contraction or 

downstream venous pressure, 𝑃𝑒𝑥𝑡 = 0. For the terminal 1D vessels that are coupled to a 0D 

3WK lumped parameter model, 𝑃𝑒𝑥𝑡, incorporated downstream venous pressure and for any 

coronary vessels, the effects of myocardial contraction and downstream venous pressure. The 

elasticity parameters were represented by 𝑓, which relied on the empirically derived constants 

by Stergiopoulos: 𝑘1, 𝑘2 and 𝑘3 (Olufsen 1999). For the coronary arteries the values of these 

constants are different to that for the larger systemic arteries like the aorta and its major 

branches (Mynard and Smolich 2015) (Table 4.2). 

Table 4.2 Empirical constants for elasticity parameters  

 

 

 

For the purposes of this work, the systemic arteries with smaller diameters like the internal 

mammary arteries were assigned similar values to the coronary arteries as they have similar 

mechanical properties (Van Andel, Pistecky et al. 2003). Radial arteries were also assigned 

such values, acknowledging that their mechanical properties may be different (Hadjinikolaou, 

Vessel type k1 (106 g/s2/cm) k2 (cm-1) k3 (104 /s2/cm) Reference 

location 

Systemic artery 3.00 -9 33.7 Aorta 

Coronary artery 20.00 -22.5 86.5 LAD 
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Kotidis et al. 2004) but their diameters were similar to the other smaller systemic elastic 

arteries.  

 

4.3.3 1D numerical scheme: The Lax-Wendroff Method 

In non-conventional matrix form, the 1D Navier Stokes equations that have been presented in 

an (A,Q) system in Equation (4.2) and Equation (4.3) can be cast in conservative form as:  

 𝜕𝑼

𝜕𝑡
+

𝜕𝑭

𝜕𝑥
= 𝑺 

 

(4.8) 

where: 

𝑼 = [
𝐴

𝑄
] 

𝑭 = [
𝑄

𝛼
𝑄2

𝐴
+

𝐴
𝜌

𝑃
] 

𝑺 = [
0

−2𝜋𝜈
𝛼

𝛼 − 1
𝑄
𝐴

] 

 

The 1D finite difference scheme numerical method used to solve these partial differential 

equations was the Richtmyer two-step Lax-Wendroff method which is second-order accurate 

in both space and time (Richtmyer 1963, LeVeque and Leveque 1992). For an individual vessel 

segment of length  𝐿 cm, an evenly distributed mesh of grid points defines the domain of the 

problem (𝑥, 𝑡) ∈ [0, 𝐿] × [0, 𝑇]:  

In space: 𝑥𝑖 = (𝑖)∆𝑥    ,      ∆𝑥 =
𝐿

𝑀−1
      ,       𝑖 = 0,1,2, … . . , 𝑀 

In time: 𝑡𝑛 = (𝑛)∆𝑡    ,      ∆𝑡 =
𝑇

𝑁−1
      ,       𝑛 = 0,1,2,… . . , 𝑁 

where the grid locations 𝑥0 and 𝑥𝑀 represent the boundary conditions (Figure 4.14). 
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Figure 4.14 Grid representation of Richtmyer two-step Lax-Wendroff 1D numerical scheme  

 

The numerical discretization of Equation (4.8), as represented in Figure 4.14 using the 

Richtmyer two-step Lax-Wendroff scheme means that for a point in time, 𝑛, the solution at the 

next time step 𝑛 + 1 at the grid location 𝑥𝑖 is given by: 
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(4.9) 

Rearranging Equation (4.9) to obtain solution at the next time-step: 
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(4.10) 

 

In order to calculate the solution, at 𝑼𝑖
𝑛+1 , it can be seen that intermediate solutions need to be 

calculated at 𝑼
𝑖+

1

2

𝑛+
1

2  and 𝑼
𝑖−

1

2

𝑛+
1

2 as the first step and then applied in the second step: 

 First step: 
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(4.11) 
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(4.12) 

 

 Second step: 
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(4.13) 

 

To execution of the above formulation requires the prescription of appropriate boundary 

conditions at the inlet, 𝑥0, and outlet, 𝑥𝑀, of a given individual vessel segment. These boundary 

conditions are dictated by the location of the individual vessel segment within the entire vessel 

network topology and will determine whether the inlet, 𝑥0, and outlet, 𝑥𝑀, are prescribed an 

inlet pressure boundary condition, a form of outlet boundary condition or a junctional boundary 

condition. The mathematical formulation of the boundary conditions are presented in the 

following sections (Sections 4.3.4 to 4.3.6). 

 

4.3.4 Inlet pressure boundary condition at root of network 

A Dirichlet boundary condition was applied to the inlet of the first vessel at the root of the 

whole network as each network represented an open loop circuit (Marsden, Esmaily-

Moghadam 2015). This boundary condition had pressure values prescribed as the aortic root 

pressure waveform beyond the aortic valve according to time (Section 4.4.2). 

 

4.3.5 Junctional boundary conditions  

The individual arterial vessel segments were connected at junctions by enforcing conservation 

of mass (flows) and enforcing continuity of total pressure using Bernoulli’s equation to account 

for kinetic energy losses. Each junction was described in terms of its number of 𝑖 inlet parent 

vessels denoted 𝑝1 to 𝑝𝑖 and its number of 𝑗 outlet children vessels denoted 𝑐1 to 𝑐𝑗. Here the 

terms “inlet parent” referred to a vessel that carried blood toward the common junction and 

outlet child referred to a vessel that carried blood away from the junction. Each vessel being 

considered had a starting mesh gridpoint at 𝑥0 and the end of the vessel at 𝑥𝑀.  
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Let 𝑄𝑝𝑖𝑀 , 𝑃𝑝𝑖𝑀 , 𝑉𝑝𝑖𝑀 , 𝐴𝑝𝑖𝑀 denote the flow, pressure, velocity and area respectively of any 

inlet parent vessel at its end point 𝑥𝑀 and 𝑄𝑐𝑗0 , 𝑃𝑐𝑗0
, 𝑉𝑐𝑗0 , 𝐴𝑐𝑗0 denote the flow, pressure, 

velocity and area respectively of any outlet child vessel at its start point 𝑥0, then from the 

conservation of mass at a junction:  

 ∑𝑄𝑝𝑖𝑀 = ∑𝑄𝑐𝑗0  

(4.14) 

 

From the conservation of total pressure at junction: 

 
𝑃𝑝𝑖𝑀 + 𝜌

1

2
𝑉𝑝𝑖𝑀

2 = 𝑃𝑐𝑗0 + 𝜌
1

2
𝑉𝑐𝑗0

2  
 

(4.15) 

 

Since 𝑉 =
𝑄

𝐴
  , Equation (4.15) can be written as: 

 
𝑃𝑝𝑖𝑀 + 𝜌

1

2
(
𝑄𝑝𝑖𝑀

𝐴𝑝𝑖𝑀

)

2

= 𝑃𝑐𝑗0 + 𝜌
1

2
(
𝑄𝑐𝑗0

𝐴𝑐𝑗0

)

2

 
 

(4.16) 

 

For any junction consisting of 𝑛 vessels, including both parent and child vessels, where 𝑛 =

𝑖 + 𝑗,  one equation will be supplied by the conservation of mass (Equation (4.14)), denoted 𝐹𝑎 

where 𝑎 = 1, and (𝑛 − 1) equations supplied from the conservation of total pressure, denoted 

𝐹𝑎 where 𝑎 = 2 𝑡𝑜 𝑛, leading to a total system of 𝑛 equations.  

 𝐹1 = ∑𝑄𝑝𝑖𝑀 − ∑𝑄𝑐𝑗0 = 0  

(4.17) 

 

 
𝐹𝑎 = 𝑃𝑝𝑖𝑀 + 𝜌

1

2
(
𝑄𝑝𝑖𝑀

𝐴𝑝𝑖𝑀

)

2

− 𝑃𝑐𝑗0
− 𝜌

1

2
(
𝑄𝑐𝑗0

𝐴𝑐𝑗0

)

2

= 0 

where 𝑎 = 2, . . , 𝑛 

 

(4.18) 

However, at each junction of 𝑛 vessels there will be 2𝑛 unknowns as both the flow, 𝑄, and 

areas, 𝐴, are unknown for each vessel, remembering that pressure is related to area through the 
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constitutive equation (Equation (4.6)). To reduce the problem at a junction to 𝑛 vessels with 𝑛 

unknowns, requires equations relating the flow and area at the boundaries of the junctions. 

A right-sided boundary condition applies to the end of an inlet parent vessel, 𝑥𝑀 (Figure 4.15).  

 

Figure 4.15 Right sided junctional boundary condition for parent vessels 

 

Here, a relationship between flows and areas according to the more interior points at the 

current and previous timesteps was derived using Keller’s Box Method: 

 
𝑸𝒑𝑴

𝒏+𝟏 = −
∆𝑥

∆𝑡
𝑨𝒑𝑴

𝒏+𝟏 +
∆𝑥

∆𝑡
(𝐴𝑝𝑀

𝑛 + 𝐴𝑝𝑀−1

𝑛 −  𝐴𝑝𝑀−1

𝑛+1 ) − 𝑄𝑝𝑀

𝑛 + 𝑄𝑝𝑀−1

𝑛

+ 𝑄𝑝𝑀−1

𝑛+1  

 

(4.19) 

 

Similarly, a left-sided boundary condition was considered for the start of an outlet child vessel 

at point 𝑥0 (Figure 4.16).  

Figure 4.16 Left-sided junctional boundary condition for child vessels 

 

The relationship between flows and areas at this left-side boundary condition was:   

 
𝑸𝒄𝟎

𝒏+𝟏 =
∆𝑥

∆𝑡
𝑨𝒄𝟎

𝒏+𝟏 −
∆𝑥

∆𝑡
(𝐴𝑐𝑜

𝑛 + 𝐴𝑐1
𝑛 − 𝐴𝑐1

𝑛+1) − 𝑄𝑐0
𝑛 + 𝑄𝑐1

𝑛 + 𝑄𝑐1
𝑛+1  

 

(4.20) 

 

The system of  𝑛 nonlinear equations were solved for each time step for the areas, 𝐴, of each 

of the 𝑛 vessels at the junctional boundary by the Newton-Raphson method described in Figure 

4.17. 

 

𝐴𝑝𝑀−1

𝑛+1        𝐴𝑝𝑀

𝑛+1 

𝑄𝑝𝑀−1

𝑛+1       𝑄𝑝𝑀

𝑛+1 

𝐴𝑐0
𝑛+1       𝐴𝑐1

𝑛+1 

𝑄𝑐0
𝑛+1      𝑄𝑐1

𝑛+1 



Chapter 4: Materials and Methods  77 

___________________________________________________________________________ 

 

𝑥𝑖+1 = 𝑥𝑖 − ( 𝑱𝑖 )
−1𝐹𝑖 

where J is the 𝑛 × 𝑛 Jacobi Matrix defined by the partial derivatives: 

𝐽𝑎𝑏 =
𝜕𝐹𝑎 

𝜕𝑥𝑏
 

where  

𝑥 =  [𝑥1 , … , 𝑥𝑛 ] 

𝐹 =  [𝐹1 , … , 𝐹𝑛] 

𝑎 = 1, . . , 𝑛 

𝑏 = 1, . . , 𝑛 

The iterations were started with 𝑥 values from the previous time-step. The iterations were 

stopped with tolerance at 10−12.  

Figure 4.17 Newton-Raphson method to solve system of non-linear equations  

 

 

Once the areas were calculated at the boundaries, the pressures and flows could be derived and 

were executed for each junction type in the network which are summarised in Table 4.3. 

Table 4.3 Summary of junction types encountered in networks 

Junction Type Number 

of Inlet 

Parent 

Vessels 

(𝒊) 

Number 

of Outlet 

Child 

Vessels 

(𝒋) 

Diagram Disease- 

Free 

Circulation  

Networks 

Stenotic 

Circulation 

Networks 

Grafted 

Circulation 

Networks 

Bifurcation 1 2     

Trifurcation 1 3     

Stenoses 1 1     

Graft End-to-Side 

(Reverse 

bifurcation) 

2 1     

Graft Sequential 

(Cross-junction) 

2 2     

Graft Connector 1 1     
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In the following sections the systems of nonlinear equations are presented for each type of 

junction. An indicative example of the mathematical formulations leading to the Jacobian 

matrix for bifurcations is presented in Appendix A (Equations (A.1) to (A.12)). Similar 

respective formulations were undertaken for the other junction types. 

 

4.3.5.1 Bifurcations 

Bifurcations were the most common junction type encountered in the networks where 𝑖 = 1 

and 𝑗 = 2 and consisted of one inlet parent vessel, 𝑝1, and two outlet children vessels, 𝑐1 and 

𝑐2 (Figure 4.18). 

 

 

Figure 4.18 Meshgrid representation of bifurcation boundary conditions 

 

The system of three nonlinear equations which were solved to obtain the areas, pressures and 

flows using the Newton-Raphson method were (Appendix A): 

 𝑸𝒑𝟏𝑴

𝒏+𝟏 − 𝑸𝒄𝟏𝟎
𝒏+𝟏 − 𝑸𝒄𝟐𝟎

𝒏+𝟏 = 0 (4.21) 

 

 

𝑷𝒑𝟏𝑴

𝒏+𝟏 +
𝜌

2

(𝑸𝒑𝟏𝑴

𝒏+𝟏)
𝟐

(𝑨𝒑𝟏𝑴

𝒏+𝟏)
𝟐 − 𝑷𝒄𝟏𝟎

𝒏+𝟏 −
𝜌

2

(𝑸𝒄𝟏𝟎
𝒏+𝟏)

𝟐

(𝑨𝒄𝟏𝟎
𝒏+𝟏)

𝟐 = 0 

 

(4.22) 

 

𝐴𝑝1𝑀−1

𝑛+1        𝐴𝑝1𝑀

𝑛+1 

𝑄𝑝1𝑀−1

𝑛+1       𝑄𝑝1𝑀

𝑛+1 

𝐴𝑐10
𝑛+1       𝐴𝑐11

𝑛+1 

𝑄𝑐10
𝑛+1      𝑄𝑐11

𝑛+1 

𝐴𝑐20
𝑛+1       𝐴𝑐21

𝑛+1 

𝑄𝑐20
𝑛+1      𝑄𝑐21

𝑛+1 
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𝑷𝒑𝟏𝑴

𝒏+𝟏 +
𝜌

2

(𝑸𝒑𝟏𝑴

𝒏+𝟏)
𝟐

(𝑨𝒑𝟏𝑴

𝒏+𝟏)
𝟐 −𝑷𝒄𝟐𝟎

𝒏+𝟏 −
𝜌

2

(𝑸𝒄𝟐𝟎
𝒏+𝟏)

𝟐

(𝑨𝒄𝟐𝟎
𝒏+𝟏)

𝟐 = 0 

 

(4.23) 

 

4.3.5.2 Trifurcations  

A trifurcation, especially when occurring in the proximal part of the coronary tree, such as the 

left main coronary artery dividing into the left anterior descending, the ramus intermedians 

(intermediate) and circumflex arteries was treated as two bifurcations in Duanmu et al. (2019). 

However, in this work, a separate trifurcation model was constructed as it avoided significant 

computational cost and kept the options open to model a jump-graft that could occur more 

distally in the coronary circulation, which would not be satisfactorily modelled as two 

bifurcations.  

For a trifurcation, 𝑖 = 1 and 𝑗 = 3 and thus the junction consisted of one inlet parent vessel, 

𝑝1, and three outlet children vessels, 𝑐1, 𝑐2 and 𝑐3 (Figure 4.19). 

 

Figure 4.19 Meshgrid representation of trifurcation boundary conditions 

 

The system of four nonlinear equations which were solved to obtain the areas, pressures and 

flows using the Newton-Raphson method were: 

𝐴𝑐30
𝑛+1       𝐴𝑐31

𝑛+1 

𝑄𝑐30
𝑛+1      𝑄𝑐31

𝑛+1 

𝐴𝑐10
𝑛+1       𝐴𝑐11

𝑛+1 

𝑄𝑐10
𝑛+1      𝑄𝑐11

𝑛+1 

𝐴𝑝1𝑀−1

𝑛+1        𝐴𝑝1𝑀

𝑛+1 

𝑄𝑝1𝑀−1

𝑛+1       𝑄𝑝1𝑀

𝑛+1 

𝐴𝑐20
𝑛+1       𝐴𝑐21

𝑛+1 

𝑄𝑐20
𝑛+1      𝑄𝑐21

𝑛+1 
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 𝑸𝒑𝟏𝑴

𝒏+𝟏 − 𝑸𝒄𝟏𝟎
𝒏+𝟏 − 𝑸𝒄𝟐𝟎

𝒏+𝟏 − 𝑸𝒄𝟑𝟎
𝒏+𝟏 = 0 (4.24) 

 

 

𝑷𝒑𝟏𝑴

𝒏+𝟏 +
𝜌

2

(𝑸𝒑𝟏𝑴

𝒏+𝟏)
𝟐

(𝑨𝒑𝟏𝑴

𝒏+𝟏)
𝟐
− 𝑷𝒄𝟏𝟎

𝒏+𝟏 −
𝜌

2

(𝑸𝒄𝟏𝟎
𝒏+𝟏)

𝟐

(𝑨𝒄𝟏𝟎
𝒏+𝟏)

𝟐 = 0 

 

(4.25) 

 

 

𝑷𝒑𝟏𝑴

𝒏+𝟏 +
𝜌

2

(𝑸𝒑𝟏𝑴

𝒏+𝟏)
𝟐

(𝑨𝒑𝟏𝑴

𝒏+𝟏)
𝟐 −𝑷𝒄𝟐𝟎

𝒏+𝟏 −
𝜌

2

(𝑸𝒄𝟐𝟎
𝒏+𝟏)

𝟐

(𝑨𝒄𝟐𝟎
𝒏+𝟏)

𝟐 = 0 

 

(4.26) 

 

 

𝑷𝒑𝟏𝑴

𝒏+𝟏 +
𝜌

2

(𝑸𝒑𝟏𝑴

𝒏+𝟏)
𝟐

(𝑨𝒑𝟏𝑴

𝒏+𝟏)
𝟐 −𝑷𝒄𝟑𝟎

𝒏+𝟏 −
𝜌

2

(𝑸𝒄𝟑𝟎
𝒏+𝟏)

𝟐

(𝑨𝒄𝟑𝟎
𝒏+𝟏)

𝟐 = 0 

 

(4.27) 

 

4.3.5.3 Stenoses 

The stenosis junction was required when considering networks containing coronary artery 

circulations that were diseased. A stenosis was considered as a percentage diameter narrowing, 

“% 𝑠𝑡𝑒𝑛𝑜𝑠𝑖𝑠”, in an artery leading to a reduction in cross-sectional area, 𝐴𝑆, over a certain 

length, 𝐿𝑆. Here 𝑖 = 1 and 𝑗 = 1 and thus the junction consisted of one inlet parent vessel, 𝑝1, 

and one outlet child vessel, 𝑐1 which were not in direct continuity, but separated by a length, 

𝐿𝑆, on account of the lumped parameter stenosis (Figure 4.20).  

Figure 4.20 Meshgrid representation of stenosis boundary conditions 

𝐴𝑝1𝑀−1

𝑛+1        𝐴𝑝1𝑀

𝑛+1 

𝑄𝑝1𝑀−1

𝑛+1       𝑄𝑝1𝑀

𝑛+1 

 

𝐴𝑐10
𝑛+1       𝐴𝑐11

𝑛+1 

𝑄𝑐10
𝑛+1      𝑄𝑐11

𝑛+1  

𝐿𝑆    

𝐴𝑆    
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From before, like any other junction, there would be conservation of mass upstream and 

downstream of the stenosis: 

 𝑸𝒑𝟏𝑴

𝒏+𝟏 = 𝑸𝒄𝟏𝟎
𝒏+𝟏 (4.28) 

 

However, unique to this junction was the additional lumped parameter pressure drop across the 

stenosis, ∆𝑃𝑠𝑡𝑒𝑛𝑜𝑠𝑖𝑠. Therefore, the conservation of total pressure upstream and downstream of 

stenosis could be written as: 

 

𝑷𝒑𝟏𝑴

𝒏+𝟏 +
𝜌

2

(𝑸𝒑𝟏𝑴

𝒏+𝟏)
𝟐

(𝑨𝒑𝟏𝑴

𝒏+𝟏)
𝟐 =  𝑷𝒄𝟏𝟎

𝒏+𝟏 +
𝜌

2

(𝑸𝒄𝟏𝟎
𝒏+𝟏)

𝟐

(𝑨𝒄𝟏𝟎
𝒏+𝟏)

𝟐 + ∆𝑃𝑠𝑡𝑒𝑛𝑜𝑠𝑖𝑠 

 

(4.29) 

 

The general form of ∆𝑃𝑠𝑡𝑒𝑛𝑜𝑠𝑖𝑠 was given by:  

 
∆𝑃𝑠𝑡𝑒𝑛𝑜𝑠𝑖𝑠 = 𝑎𝑣𝑄 + 𝑎𝑡𝑄|𝑄| + 𝑎𝑢

𝜕𝑄

𝜕𝑡
 

 

(4.30) 

and thus ∆𝑃𝑠𝑡𝑒𝑛𝑜𝑠𝑖𝑠 comprised a viscous term with coefficient 𝑎𝑣 , a turbulence term with 

coefficient 𝑎𝑡 and an inertial term with coefficient 𝑎𝑢. 

In more detailed form: 

 
∆𝑃𝑠𝑡𝑒𝑛𝑜𝑠𝑖𝑠 =

𝜇𝐾𝑣

2𝜋𝑅0
3 𝑄 +

𝜌𝐾𝑡

2𝐴0
2 (

�̅�0

𝐴𝑆
− 1)

2

𝑄|𝑄| + 𝐾𝑢𝐿𝑢

𝜕𝑄

𝜕𝑡
 

 

(4.31) 

where: 

𝑄 is the flow rate 

𝐴0 is the unstressed cross-sectional area proximal/distal to the stenosis (𝑅0 is the corresponding 

radius) 

𝐴𝑆 is the minimal cross-sectional area of stenosis (𝑅𝑆 is the corresponding radius), that was 

calculated from the percentage diameter stenosis: 
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% 𝑠𝑡𝑒𝑛𝑜𝑠𝑖𝑠 = (1 −

𝐴𝑆

𝐴0
) × 100 

𝐴0

𝐴𝑆
=

100

100 − %𝑠𝑡𝑒𝑛𝑜𝑠𝑖𝑠
 

 

 

 

 

(4.32) 

 

𝐿𝑆 is the length of the stenosis  

𝜌 = 1.06 g/cm3 is the blood density  

𝜇 = 0.046 dyn∙s/cm2 is the dynamic viscosity of blood  

 

The following constants have been adapted from various models in the literature (Itu, Sharma 

et al. 2013, Mirramezani, Diamond et al. 2019): 

𝐾𝑣 = 4
𝛼

𝛼−1

𝐿𝑎

𝑅0
(

�̅�0

𝐴𝑆
− 1)

2

 where 𝛼 is the momentum correction, or Coriolis coefficient set at 1.1 

for this work, as Poiseuille flow is not assumed 

𝐿𝑎 = 0.83𝐿𝑠 + 3.28𝑅𝑠   

𝐾𝑡 = 1.52 

𝐾𝑢 = 1.2 

𝐿𝑢 =
𝜌

𝜋
∫

1

𝑅(𝑥)2
𝑑𝑥

𝐿𝑆

0

 

 

The system of two nonlinear equations that were solved to obtain the areas, pressure and flows 

using the Newton-Raphson method were: 

 𝑸𝒑𝟏𝑴

𝒏+𝟏 − 𝑸𝒄𝟏𝟎
𝒏+𝟏 = 0 (4.33) 
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𝑷𝒑𝟏𝑴

𝒏+𝟏 +
𝜌

2

(𝑸𝒑𝟏𝑴

𝒏+𝟏)
𝟐

(𝑨𝒑𝟏𝑴

𝒏+𝟏)
𝟐 − 𝑷𝒄𝟏𝟎

𝒏+𝟏 −
𝜌

2

(𝑸𝒄𝟏𝟎
𝒏+𝟏)

𝟐

(𝑨𝒄𝟏𝟎
𝒏+𝟏)

𝟐 − ∆𝑃𝑠𝑡𝑒𝑛𝑜𝑠𝑖𝑠 = 0 

 

(4.34) 

 

where ∆𝑃𝑠𝑡𝑒𝑛𝑜𝑠𝑖𝑠 in the discretised version of Equation (4.34) is: 

 
∆𝑃𝑠𝑡𝑒𝑛𝑜𝑠𝑖𝑠 = 𝑎𝑣𝑸𝒑𝟏𝑴

𝒏+𝟏 + 𝑎𝑡𝑸𝒑𝟏𝑴

𝒏+𝟏 |𝑸𝒑𝟏𝑴

𝒏+𝟏| + 𝑎𝑢

𝑸𝒑𝟏𝑴

𝒏+𝟏 − 𝑄𝑝1𝑀

𝑛

∆𝑡
 

 

(4.35) 

 

When grafts were added into the networks containing stenoses, then three other junctional 

boundary conditions required consideration: reverse bifurcations, sequential cross-junctions 

and simple connector junctions. 

 

4.3.5.4 Reverse bifurcations 

An end-to-side graft that connected to a native coronary artery was considered to be part of a 

reverse bifurcation, where 𝑖 = 2 and 𝑗 = 1, with 2 inlet parent vessels, 𝑝1 and 𝑝2, (one of 

which was the native coronary artery proximal to the entry point of the graft and the other was 

the graft itself) and 1 outlet child vessel, 𝑐1, which was the native coronary artery distal to the 

entry point of the graft (Figure 4.21). 

 

Figure 4.21 Meshgrid representation of reverse bifurcation boundary conditions 
The graft itself was referred to as the second inlet parent vessel, 𝑝2  

 

The system of three nonlinear equations that were solved to obtain the areas, pressures and 

flows using the Newton-Raphson method were: 
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 𝑸𝒄𝟏𝟎
𝒏+𝟏 − 𝑸𝒑𝟏𝑴

𝒏+𝟏 − 𝑸𝒈𝟎

𝒏+𝟏 = 0 (4.36) 
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2

(𝑸𝒑𝟏𝑴

𝒏+𝟏)
𝟐

(𝑨𝒑𝟏𝑴

𝒏+𝟏)
𝟐
− 𝑷𝒄𝟏𝟎

𝒏+𝟏 −
𝜌

2

(𝑸𝒄𝟏𝟎
𝒏+𝟏)

𝟐

(𝑨𝒄𝟏𝟎
𝒏+𝟏)

𝟐 = 0 

 

(4.37) 
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𝜌

2

(𝑸𝒑𝟐𝑴

𝒏+𝟏)
𝟐

(𝑨𝒑𝟐𝑴

𝒏+𝟏)
𝟐 −𝑷𝒄𝟏𝟎

𝒏+𝟏 −
𝜌

2

(𝑸𝒄𝟏𝟎
𝒏+𝟏)

𝟐

(𝑨𝒄𝟏𝟎
𝒏+𝟏)

𝟐 = 0 

 

(4.38) 

 

4.3.5.5 Sequential cross-junctions 

A side-to-side graft that connects to one native coronary artery before proceeding to connect 

to another was considered to be a cross-junction, where 𝑖 = 2 and 𝑗 = 2, with 2 inlet parent 

vessels, 𝑝1 and 𝑝2, (one of which was the native coronary artery proximal to the entry point 

of the graft and the other was the graft itself) and 2 outlet children vessels, 𝑐1 and 𝑐2,  (one of 

which was the native coronary artery distal to the entry point of the graft and the other was the 

ongoing graft as it headed to another coronary artery segment ( 

Figure 4.22). 

 

 

Figure 4.22 Meshgrid representation of sequential cross-junction boundary conditions 
The graft itself entering the junction was 𝑝2 , and the graft exiting the junction was 𝑐2 
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The conservation of total pressure at a cross junction behaves like a trifurcation (Sharp, 

Johnson et al. 2010) instead of the general form described for the other inlet parent and outlet 

child vessels in Equation (4.18). The system of four nonlinear equations that were solved to 

obtain the areas, pressures and flows using the Newton-Raphson method were: 

 𝑸𝒑𝟏𝑴

𝒏+𝟏 + 𝑸𝒑𝟐𝟎

𝒏+𝟏 − 𝑸𝒄𝟏𝟎
𝒏+𝟏 − 𝑸𝒄𝟐𝟎

𝒏+𝟏 = 0 (4.39) 
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(𝑸𝒑𝟏𝑴

𝒏+𝟏)
𝟐

(𝑨𝒑𝟏𝑴

𝒏+𝟏)
𝟐 − 𝑷𝒄𝟏𝟎
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𝜌

2

(𝑸𝒄𝟏𝟎
𝒏+𝟏)

𝟐

(𝑨𝒄𝟏𝟎
𝒏+𝟏)

𝟐 = 0 

 

(4.40) 
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𝒏+𝟏)
𝟐 −𝑷𝒑𝟐𝟎
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𝜌

2

(𝑸𝒑𝟐𝟎

𝒏+𝟏)
𝟐

(𝑨𝒑𝟐𝟎

𝒏+𝟏)
𝟐 = 0 

 

(4.41) 
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𝜌

2

(𝑸𝒄𝟐𝟎
𝒏+𝟏)

𝟐

(𝑨𝒄𝟐𝟎
𝒏+𝟏)

𝟐 = 0 

 

(4.42) 

 

4.3.5.6 Connectors 

Occasionally surgeons decide to connect one graft to another graft to lengthen the conduit, 

which is described as an I-graft. This was the simplest of the junctions that have been 

considered thus far where 𝑖 = 1 and 𝑗 = 1 and thus the junction consists of one inlet parent 

vessel, 𝑝1, and one outlet child vessel, 𝑐1 (Figure 4.23). 

 

 

 



86 4.3 Mathematical modelling of 1D-0D vessel networks 

___________________________________________________________________________ 

 

 

 

 

 

 

Figure 4.23 Meshgrid representation of connector boundary conditions 
The graft itself entering the junction was referred to as 𝑝1 and the graft exiting the junction as 𝑐1. 

 

As long as there is no abrupt decrease in radius between the two vessels, oscillations should 

not occur as previously explained in the issues of step-wise tapering along a vessel (Section 

4.2.3). If the radii of the vessels are similar, then the connector boundary condition was not 

required and the two vessel segments were considered as just one vessel segment with 

increased length and the same radius.  

 

The system of two nonlinear equations which were solved to obtain the areas, pressures and 

flows using the Newton-Raphson method were: 

 𝑸𝒈𝟏𝑴

𝒏+𝟏 − 𝑸𝒈𝟐𝟎

𝒏+𝟏 = 0 (4.43) 
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(4.44) 

 

 

4.3.6 Outlet pressure boundary conditions at terminal vessel outlets 

The terminal arteries were each connected to a vascular bed of smaller vessels which were 

represented by a 0D lumped parameter model with resistance and capacitance parameters as 

an electric circuit analog for the downstream microvascular tree. This was accomplished with 

the use of a 3WK RCR (Alastruey 2010) (refer to Figure 4.24).  
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Figure 4.24 3WK RCR electrical analog 
𝑅1 is the proximal arteriolar resistance, 𝐶𝑡 is the arterial compliance through the capacitor and 𝑅2 is the distal 

arteriolar resistance. 𝑃𝑒𝑥𝑡(𝑡)  

 

As the microvascular network for the coronary arteries is embedded in the myocardium, there 

is an external pressure, 𝑃𝑒𝑥𝑡, that is applied to these vessels which is the combination of 

ventricular extravascular pressure, representing the effects of myocardial contraction on the 

coronary vessels, and downstream venous capillary pressure. For the systemic arteries such as 

the aortic sub-branches, 𝑃𝑒𝑥𝑡, is only comprised of the downstream venous capillary pressure. 

The computational expense of using a more sophisticated RCRCR model for the coronary 

circulation as used by other authors (Smith, Pullan et al. 2002, Kim, Vignon-Clementel et al. 

2010, Mynard and Smolich 2015) was not perceived as being beneficial for this work as the 

focus was on mean flows and pressures in the circulation. Others that have used a 3-element 

model for the coronary microvasculature have found physiological coronary hemodynamics 

but acknowledged that additional elements could improve the flow signals particularly during 

early diastole where inertia plays a role (van der Horst, Boogaard et al. 2013). 

 

The 3WK RCR equation for the electrical circuit in Figure 4.24 is as follows: 

 
𝑃(𝑡) = 𝑃𝑒𝑥𝑡(𝑡) + (𝑅2 + 𝑅1)𝑄(𝑡) + 𝑅2𝐶𝑡(

𝑑𝑃𝑒𝑥𝑡(𝑡)

𝑑𝑡
−

𝑑𝑃(𝑡)

𝑑𝑡
+ 𝑅1

𝑑𝑄(𝑡)

𝑑𝑡
) 

 

(4.45) 
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The numerical discretisation of Equation (4.45): 

 𝑷𝑴
𝒏 = 𝑷𝒆𝒙𝒕𝑴

𝒏 + (𝑅2 + 𝑅1)𝑸𝑴
𝒏

+ 𝑅2𝐶𝑡 (
𝑷𝒆𝒙𝒕𝑴

𝒏+𝟏 − 𝑷𝒆𝒙𝒕𝑴
𝒏

∆𝑡
−

𝑷𝑴
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𝒏

∆𝑡
+ 𝑅1

𝑸𝑴
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𝒏

∆𝑡
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(4.46) 

Rearranging in terms of 𝑸𝑴
𝒏+𝟏: 

 
𝑸𝑴
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𝒏

𝑅1
−

∆𝑡𝑷𝒆𝒙𝒕𝑴
𝒏

𝑅1𝑅2𝐶𝑡
 

 

 

 

(4.47) 

Incorporating Equation (4.47), the right-sided boundary condition (Equation(4.19)) and P-A 

relation (Equation (4.6)), the outlet boundary condition was solved for 𝑃𝑀
𝑛+1 using a fixed point 

iterative scheme, similar to that described elsewhere (Diem and Bressloff 2017) (Figure 4.25).  
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𝒏  
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𝒏
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+

∆𝑡𝑷𝑴
𝒏
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𝒏
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∆𝑡𝑷𝒆𝒙𝒕𝑴
𝒏
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𝑨𝑴
𝒏+𝟏 = 𝐴𝑀

𝑛 + 𝐴𝑀−1
𝑛 − 𝐴𝑀−1
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∆𝑡

∆𝑥
(𝑸𝑴

𝒏+𝟏 + 𝑄𝑀
𝑛 − 𝑄𝑀−1

𝑛 − 𝑄𝑀−1
𝑛+1 ) 

𝑷𝑴
𝒏+𝟏 = 𝑓𝑀

0 (1 − √
𝐴𝑀

0

𝑨𝑴
𝒏+𝟏) + 𝑃0   (at the terminal end of the 1D vessel) 

If  |𝑷𝒐𝒍𝒅 − 𝑷𝑴
𝒏+𝟏| ≤ 𝒕𝒐𝒍𝒆𝒓𝒂𝒏𝒄𝒆: 

 break 

𝑘 = 𝑘 + 1 

Figure 4.25 Fixed point iterative scheme  
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4.4 Implementation of computational models  

 

4.4.1 Python programming language 

The implementation of computational models based on the mathematical formulations 

presented in Section 4.3 was achieved using the Python computer programming language (Van 

Rossum 2007). A standalone package called “COMCAB” was created containing various 

modules with solvers for the vessel segments, network boundary conditions as well as 

visualisation modules and other output modules. The decision to undertake this approach rather 

than use existing packages was based on the requirement to tailor the coding to the specific 

investigative models used in this project. Existing open-source software such as the STARFiSh 

flow solver (Eck 2012) and VaMPy (Diem and Bressloff 2017) did not contain sufficient detail 

for junctions that were applicable to grafting strategies while SimVascular (Updegrove, Wilson 

et al. 2017) did not allow for virtual surgical planning and their assignment of outlet parameters 

was by “trial and error” and thus tedious. 

 

A staged approach was employed for the computational modelling, commencing with 

assignment of parameters for a disease-free coronary circulation, then implementing stenoses 

into a diseased coronary circulation and finally incorporating bypass grafts to obtain grafted 

models of the circulations.  

 

4.4.2 Inlet pressure at aortic root 

A generic inlet pressure was assigned to each patient in the study at the root of the whole 

network, which was the first vessel segment in the aortic root (AO1). The time period of the 

cardiac cycle for the pressure was 𝑇 = 0.917 seconds which corresponds to a resting heart rate 

of approximately 65 beats per minute. The inlet pressure waveform was obtained from the 

literature (Uus 2016). 

 

 



90 4.4 Implementation of computational models 

___________________________________________________________________________ 

 

 

 

Figure 4.26 Inlet pressure at the aortic root 
The inlet pressure prescribed at the aortic root is depicted here over 1 cardiac cycle with time period 0.917 seconds 

 

As the implementation of the equations were cast in the (A,Q) system for the Navier Stokes 

Equations, the constitutive P-A relation (Equation (4.6)) was rearranged in terms of 𝐴 which 

allowed inlet pressure 𝑃 to be reformulated in terms of 𝐴:  

 
𝑨𝟎

𝒏+𝟏 =
𝐴0

(1 −
𝑷𝟎

𝒏+𝟏 − 𝑃0

𝑓
)

2 
 

(4.48) 

 

4.4.3 Outlet pressure at terminal outlets 

The outlet pressure, 𝑃𝑒𝑥𝑡, represented the downstream capillary venous pressure for systemic 

aortic branch outlets and the additional effects of myocardial contraction on the coronary 

outlets. For the coronary outlets, this pressure transient was in sychronisation with the inlet 

pressure waveform and thus the cardiac cycle time period was also 𝑇 = 0.917 seconds. Typical 

𝑃𝑒𝑥𝑡𝐿𝑉
(𝑡) data incorporating left ventricular (LV) myocardial contraction and downstream 

capillary venous pressure (Uus 2016) is demonstrated in (Figure 4.27). 
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Figure 4.27 External pressure at left ventricular terminal outlets 
The external pressure, incorporating the effects of LV myocardial contraction and downstream venous pressure 

is displayed here for one cardiac cycle of time period 0.917 seconds 

 

However, certain coronary vessels terminate in the right ventricle myocardium or septal 

myocardium and the force of contraction is less than the left ventricle (Mynard, Penny et al. 

2014), resulting in lower external pressures (𝑃𝑒𝑥𝑡 values). For this work, the right ventricle 

external pressure, 𝑃𝑒𝑥𝑡𝑅𝑉
, was set at: 

 𝑃𝑒𝑥𝑡𝑅𝑉
(𝑡) = 0.2 × 𝑃𝑒𝑥𝑡𝐿𝑉

(𝑡) (4.49) 

 

The septal external pressure, 𝑃𝑒𝑥𝑡𝑆𝐸𝑃𝑇𝐴𝐿
 modelled the influence of the left ventricle and right 

ventricle on arteries in the septal region and was set at: 

 𝑃𝑒𝑥𝑡𝑆𝐸𝑃𝑇𝐴𝐿
(𝑡) = 0.6 × 𝑃𝑒𝑥𝑡𝐿𝑉

(𝑡) (4.50) 

 

For the systemic arterial microvascular tree, no such myocardial squeeze was applied and thus 

𝑃𝑒𝑥𝑡 solely comprised of the venous capillary pressure, which was set at 1mmHg (Safaei, 

Bradley et al. 2016). 
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4.4.4 Assigning RCR values at terminal outlets 

Assigning appropriate values at individual terminal outlets for the proximal resistance, 𝑅1, 

distal resistance, 𝑅2, and capacitance, 𝐶𝑡, (Section 4.3.6) was important as these would dictate 

the pressures and flows throughout the upstream vessel network branches. 

 

The smallest diameters of the terminal vessels originally segmented from the CT coronary 

angiograms (refer to Section 4.2.1) was 250 to 300 𝜇𝑚. Typically, the largest resistance is 

contributed by arterioles 150 to 300 𝜇𝑚 in diameter, while the smaller distal arterioles and 

distal capillaries contribute less resistance (Muller-Delp 2013). Therefore, for the purposes of 

this work, given the detail achieved by the geometric segmentation of terminal vessels, the 

proximal arteriolar resistance, 𝑅1, would often be larger than the distal arteriolar resistance, 𝑅2 

in the 3WK model for coronary vessels. However, for the systemic aortic branches whose 

truncated diameters were in the order of 0.26 cm to 2 cm (i.e. 2600 𝜇𝑚 to 20000 𝜇𝑚)  Table 

4.1), the proximal resistance, 𝑅1, would represent an arterial resistance that would tend to be 

less than the distal arteriolar resistance, 𝑅2.  

 

4.4.4.1 Total lumped resistances at the terminal outlets 

Each terminal vessel leading to a 3WK has a 1D resistance, 𝑅1𝐷, arising from the length and 

radius of that vessel segment and this was coupled to the total lumped parameter 0D resistance, 

𝑅0𝐷, such that the total resistance arising from the terminal vessel segment, 𝑅𝑡𝑒𝑟𝑚𝑖𝑛𝑎𝑙, is given 

by: 

 𝑅𝑡𝑒𝑟𝑚𝑖𝑛𝑎𝑙 = 𝑅1𝐷 + 𝑅0𝐷 (4.51) 

 

Since the two resistances in the lumped parameter 3WK RCR are also in series the total lumped 

parameter resistance is:  𝑅0𝐷 = 𝑅1 + 𝑅2  (Figure 4.28). 
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Figure 4.28 Resistances in terminal outlet vessels 

Since, Q =
∆P

𝑅
  , the flow in the terminal vessel segment will be given by the difference in 

pressure from the start of the vessel segment to the external pressure prescribed at the end, 𝑃ext 

(Figure 4.24). 

Considering mean flows, �̅�𝑡𝑒𝑟𝑚𝑖𝑛𝑎𝑙: 

 
�̅�𝑡𝑒𝑟𝑚𝑖𝑛𝑎𝑙 =

�̅�𝑡𝑒𝑟𝑚𝑖𝑛𝑎𝑙𝑠𝑡𝑎𝑟𝑡
− �̅�𝑒𝑥𝑡

𝑅1𝐷 + 𝑅0𝐷
 

𝑅0D =
�̅�𝑡𝑒𝑟𝑚𝑖𝑛𝑎𝑙𝑠𝑡𝑎𝑟𝑡

− �̅�𝑒𝑥𝑡

�̅�𝑡𝑒𝑟𝑚𝑖𝑛𝑎𝑙

− 𝑅1𝐷 

𝑅1 + 𝑅2  =
�̅�𝑡𝑒𝑟𝑚𝑖𝑛𝑎𝑙𝑠𝑡𝑎𝑟𝑡

− �̅�𝑒𝑥𝑡

�̅�𝑡𝑒𝑟𝑚𝑖𝑛𝑎𝑙

− 𝑅1𝐷 

 

 

 

 

 

 

 

 

(4.52) 

 

This provides an expression to calculate the individual lumped parameter resistances, 𝑅1 and 

𝑅2 in terms of 1D features of the terminal vessel segments, including the mean pressure at the 

start of the vessel, the mean external pressure applied at the outlet (as described in Section 

4.4.3), the 1D resistance of the vessel segment itself and the mean flows. 

 

4.4.4.2 Proximal resistance at the terminal outlets 

The proximal lumped parameter resistance, 𝑅1, in the 3WK RCR model was set as the 

characteristic impedance, 𝑍0, of the terminal vessel to minimise wave reflections whilst taking 

into account the terminal vessel diameter (radius) (Alastruey, Parker et al. 2008, Mynard, 

Kondiboyina et al. 2020): 

R1 R2 

 

TERMINAL_VESSEL 
3WK 

R1D R0D 
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 𝑅1 = 
𝜌𝑐0

𝐴0
  

(4.53) 

where 𝑐0 is the wave-speed and is defined by the Moens-Korteweg Equation, based on the 

arterial wall elasticity parameters defined in Equation (4.6) and Section 4.3.2: 

   𝑐0
2 =

𝑓

2𝜌
=

2

3𝜌
(𝑘1 ∙ 𝑒𝑘2∙𝑟0 + 𝑘3)  (4.54) 

 

For the systemic aortic branch outlets, the calculation of 𝑅1 was identical between different 

patients given the common geometric parametrisation. However, for the coronary outlets, the 

calculation of 𝑅1 was patient-specific, based on the segmented vessel radii. 

 

4.4.4.3 Distal resistance at the terminal outlets 

The method implemented for setting the distal lumped parameter resistance, 𝑅2, required 

considering a rearrangement of Equation (4.52): 

 
𝑅2 =

�̅�𝑡𝑒𝑟𝑚𝑖𝑛𝑎𝑙𝑠𝑡𝑎𝑟𝑡
− �̅�𝑒𝑥𝑡

�̅�𝑡𝑒𝑟𝑚𝑖𝑛𝑎𝑙

− 𝑅1𝐷 − 𝑅1 
 

(4.55) 

 

From above, the external pressure was set according to the specific systemic or coronary outlet 

(Section 4.4.3) and the 𝑅1 was calculated from Equation (4.53). Furthermore, the 1D resistance 

of a vessel was calculated using a similar equation described in the literature (Alastruey, Parker 

et al. 2008) by applying the relationship defined in Equation (4.5): 

 𝑅1𝐷 = 2
𝛼

𝛼−1
𝜇 ∙

𝐿

𝜋𝑅4 . (4.56) 

Estimating the mean pressure at the start of the terminal vessel required consideration of the 

routes of blood flow to the terminal vessel from the root vessel in the network, as described by  

(Mayes, Sen 2011). The process can be illustrated by an example small-scale network of 7 

vessels, containing 3 bifurcations and 4 terminal vessels, where the goal was to calculate the 

mean pressure at the start of the terminal vessel 4 (Figure 4.29). 
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Figure 4.29 Example network to illustrate calculation of RCR parameters 

Pinlet is the prescribed inlet pressure waveform at the root of the network and Pext is the outlet 

pressure applying an external pressure at the terminal vessels. The blood flow route from inlet 

to the outlet of terminal vessel 4 is: Vessel 1 → Vessel 2 → Vessel 4. 

Using the total conservation of pressure across relevant bifurcations from Equation (4.16) 

which includes kinetic energy losses, the mean pressure at the start of vessel 4 is given by: 

 �̅�𝑉𝑒𝑠𝑠𝑒𝑙 4 @ 𝑠𝑡𝑎𝑟𝑡

= �̅�𝑖𝑛𝑙𝑒𝑡 − (∆𝑃𝑉𝑒𝑠𝑠𝑒𝑙 1 + ∆𝑃𝑉𝑒𝑠𝑠𝑒𝑙 2) + 𝜌
1

2
(

�̅�𝑉𝑒𝑠𝑠𝑒𝑙 1 

�̅�𝑉𝑒𝑠𝑠𝑒𝑙 1@ 𝑒𝑛𝑑 

)

2

− 𝜌
1

2
(

�̅�𝑉𝑒𝑠𝑠𝑒𝑙 2 

�̅�𝑉𝑒𝑠𝑠𝑒𝑙 2 @ 𝑠𝑡𝑎𝑟𝑡

)

2

+ 𝜌
1

2
(

�̅�𝑉𝑒𝑠𝑠𝑒𝑙 2 

�̅�𝑉𝑒𝑠𝑠𝑒𝑙 2 @ 𝑒𝑛𝑑

)

2

− 𝜌
1

2
(

�̅�𝑉𝑒𝑠𝑠𝑒𝑙 4 

�̅�𝑉𝑒𝑠𝑠𝑒𝑙 4 @ 𝑠𝑡𝑎𝑟𝑡

)

2

 

 

 

 

 

 

 

 

 

(4.57) 

 

The relevant mean areas in Equation (4.57) can be approximated by the unstressed vessel areas 

which are known values. If an estimation is provided for the mean flows in the terminal vessels, 

then the upstream flows in the vessels in the route can be also calculated. In the example in 

Figure 4.29, if the mean flow in Vessels 4, 5, 6 and 7 are known, then the flow in Vessel 2 will 

be the sum of the mean flow in Vessels 4 and 5 and the flow in Vessel 1 will be the sum of the 

mean flow in Vessels 4, 5, 6 and 7. In this manner, all the variables on the right hand side of 

Equation (4.57) will be known thus enabling this equation to be solved. This will then allow 

the calculation of 𝑅2 from Equation (4.55).  
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Due to the loss of information from the premature truncation of systemic aortic branches, the 

vessel geometry could not be relied upon to dictate the distal resistance values and thus the 

eventual calculated flows. Therefore, to maintain accuracy, an estimate of mean flows in the 

vessels was obtained by prescribing a certain percentage of total flow in the network for each 

terminal vessel, based on typical values found in the literature, at rest such as 19.3% of the total 

cardiac output going to the innominate artery, 5.2% to the left common carotid artery, 6.4% to 

the left subclavian artery and approximately 65% to the descending thoracic artery (Alastruey, 

Xiao et al. 2016, Bonfanti, Franzetti et al. 2019) .The values that were prescribed for each outlet 

are listed in Table 4.4. 

Table 4.4 Percentage of blood flow down main aortic branches 

Terminal Vessel Segment Name % Blood Flow 

Right Common Carotid Artery (RCC) 11.3% 

Right Vertebral Artery (RVA) 1.024% 

Right Internal Mammary Artery (RIMA) 2.4% 

Right Subclavian Artery III (RSCA3) 4.576% 

(Innominate Artery) 

(RCC + RVA + RIMA + RSCA3) 

(19.3%) 

Left Common Carotid Artery (LCC) 5.20% 

Left Vertebral Artery (LVA) 1.024% 

Left Internal Mammary Artery (LIMA) 2.176% 

Left Subclavian Artery III (LSCA3) 3.2% 

(Left Subclavian Artery) 

(LVA + LIMA + LSCA3) 

(6.40%) 

Descending Aorta (DA) 64.60% 
*Note that 4.5% of the cardiac output is assigned to the coronary circulation to give 100% 

The calculation of the distal resistance for the coronary outlets was more patient-specific and 

was dictated by the distribution and geometry of the vessels segmented from the CT coronary 

angiogram of an individual patient. For the individual coronary outlets, the mean flows were 

estimated as the percentage flow according to areas of the outlets based on the percentage of 

myocardial territory perfusion. The total myocardial perfusion of the heart can be divided into 

the three main regions termed the LADterritory, CIRCterritory and RCAterritory corresponding to the 

regions subtended by the coronary artery branches of the LAD, CIRC and RCA, respectively. 

The percentage of total myocardial blood flow to each territory can also be estimated by 

examining the distribution of vessels from the CTCA across multiple slices (Figure 4.30). 
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Figure 4.30 Calculating patient-specific distribution of myocardial territory blood flows 
The distribution of coronary vessels were examined in the consecutive axial slices from the CT coronary 

angiogram and the area of distribution was calculated for each myocardial perfusion territory  

 

Each terminal coronary outlet was assigned to one of the three main territories. The flows in 

each outlet were determined by the terminal areas of those outlets, with those outlets with larger 

areas having more flow through them as they have more area supplied by their distal branching 

microcirculation outlets, according to an adaptation of Murray’s Law (Updegrove, Wilson et 

al. 2017): 

 

�̅�𝑡𝑒𝑟𝑚𝑖𝑛𝑎𝑙 =
(√𝐴0𝑡𝑒𝑟𝑚𝑖𝑛𝑎𝑙

)
2.6

∑(√𝐴0𝑎𝑙𝑙_𝑡𝑒𝑟𝑚𝑖𝑛𝑎𝑙𝑠
)

2.6 × �̅�𝑡𝑜𝑡𝑎𝑙_𝑡𝑒𝑟𝑟𝑖𝑡𝑜𝑟𝑦 

 

(4.58) 

 

Therefore, for patient-specific calculations of 𝑅2 for the coronary outlets, a cardiac output was 

applied as well as the percentage of cardiac output represented by myocardial blood flow and 

the percentages of this myocardial perfusion subtended by each of the coronary territories as 

estimated from the CTCA. A similar method that allowed for the patient-specific geometry to 

dictate the assignment of peripheral coronary resistances according to ventricular muscular 

volume perfusion for each major coronary branch was described by Morimoto et al. (2017). 
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4.4.4.4 Capacitance at the terminal outlets 

The lumped parameter capacitance was estimated by calculating the time constant from the 

diastolic decay curve of the inlet pressure waveform, which was of the form: 

 
𝑃 − 𝑃𝑜𝑢𝑡 = (𝑃0 − 𝑃𝑜𝑢𝑡)𝑒

−(𝑡−𝑡0)
𝑅𝑡𝑜𝑡𝑎𝑙𝐶𝑡𝑜𝑡𝑎𝑙 

 

(4.59) 

where the time constant is 𝜏 = 𝑅𝑡𝑜𝑡𝑎𝑙𝐶𝑡𝑜𝑡𝑎𝑙 and 𝑅𝑡𝑜𝑡𝑎𝑙 is the total peripheral resistance, 𝐶𝑡𝑜𝑡𝑎𝑙 

is the total arterial compliance, 𝑃0 is the reference pressure in diastole, 𝑡0 is the corresponding 

time to this reference pressure and 𝑃𝑜𝑢𝑡 is the outflow pressure (Alastruey, Parker et al. 2008, 

Manning, Shykoff et al. 2002). 

 

𝐶𝑡𝑜𝑡𝑎𝑙 of the network is the sum of the individual terminal outlet capacitances. Therefore, the 

capacitance of an individual outlet, 𝐶𝑡 , is related to the lumped resistance at that outlet by: 

 𝐶𝑡 =
𝜏

𝑅0𝐷
  

(4.60) 

Fitting a curve to the inlet pressure waveform used in this work (Figure 4.26), with 𝑝0 = 86.92 

mmHg set as the pressure at the start of the diastolic decay curve revealed the time constant to 

be 𝜏 = 1.25, since 
1

𝜏
 = 0.8 as shown in Figure 4.31. 

 

 

 

 

 

 

Figure 4.31 Fitting function to diastolic decay curve of inlet pressure waveform 

 

 

This calculated time constant agreed with mean physiological values obtained in human studies 

where 𝜏 = 1.33 ± 0.34, range: 0.77 to 1.97 (Ferguson III, Randall 1986).  
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Therefore, the capacitance (𝐶𝑡) of each patient-specific terminal lumped parameter model 

outlet was calculated as: 

 
𝐶𝑡 =

1.25

𝑅1 + 𝑅2
 

 

(4.61) 

 

4.4.5 Vessel segment parameterisation 

From the descriptions thus far, each individual vessel segment in the entire 1D-0D lumped 

parameter network for a particular patient had the following parameters assigned:  

• vessel segment name 

• radius 

• length 

• a type of elastic vessel based on the elasticity parameter, 𝑓, and the shape of the velocity 

profile determined by the momentum correction Coriolis coefficient, 𝛼. (Table 4.2):  

o 1) coronary  

o 2) systemic   

In addition, vessel segments which represent terminal vessel outlets also had the following 

features: 

• 3WK RCR parameters: 𝑅1, 𝑅2, 𝐶𝑡 , 

• The type of external squeeze: 

o 1) LV Squeeze 

o 2) RV Squeeze  

o 3) Septal Squeeze 

o 4) No additional myocardial squeeze (for systemic aortic outlets) 

• The territory which the terminal vessel segment perfuses: 

o SYSTEMIC 
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o LAD 

o CIRC 

o RCA 

• The target coronary vessel that the graft is supplying: 

o LAD 

o OM 

o PDA 

An extract of this information for the first 36 vessel segments from a grafted circulation 

network of 151 vessel segments in the comma-separated values (.csv) file is provided in Figure 

4.32.  

 

Figure 4.32 Implementation of patient-specific vessel segment data 
Vesselname is the vessel name, Ru is the upstream radius, Rd is the downstream radius in cm, L is the length in 

cm, vesseltype determines the vessel type based on elasticity parameters, squeezetype is the type of external 

squeeze, territory is the region perfused by the terminal vessel segments and R1, R2, Ct are the 3WK parameters 

for the terminal outlets while grafttarget is the name of the vessel that the graft is anastomosed to 
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4.4.6 Vessel segment network relations 

The implementation of the boundary conditions was achieved by specifying the vessel relations 

by describing each of the vessel junctions in the network. This was done by describing the 

parent and child vessels at each junction, with the parent vessels to the left of the colon, each 

separated by commas and the child vessels to the right of the colon (refer to Table 4.5). 

Table 4.5 Vessel segments network relations at junctions 

Junction type Vessel segment relations 

Bifurcations (parent1: child1, child 2) 

Trifurcations (parent1: child1, child2, child3) 

Stenoses (parent1: child1) 

Graftings (parent1, parent2: child1) 

Sequentials (parent1, parent2 : child1, child2) 

Connectors (for grafts) (parent1: child1) 

 

Based on characters in the segment name such as “psten”, “dsten” and the names of grafts 

“LIMA”, “RIMA” “RA”, the Python code could distinguish between the stenoses and the 

connectors. The vessel segment relations were described in the network configuration (.cfg) 

file (Figure 4.33).  

 

 

 

 

 

 

 

 

 

 

Figure 4.33 Implementation of vessel network relations  
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From this configuration file description, the vessel segments could be identified as requiring 

the different types of boundary conditions based on parent, child and sibling relationships. For 

instance, the only vessel in the network without any parent vessel, itself, was the root of the 

network and thus it was prescribed the inlet pressure boundary condition (see Section 4.4.2). 

Vessels which were children and never a parent to another vessel, must be terminal outlet 

vessels and thus were prescribed terminal outlet boundary conditions. 

 

4.4.7 Simulation  

 

4.4.7.1 Initial conditions 

To run the physiological blood flow and pressure solutions over the mesh grid for each vessel 

segment in the network required supplying initial conditions for 𝑼𝑖
𝑛 (Figure 4.14). Initial flows 

were set at  𝑸𝑖
0 = 0 at every mesh gridpoint 𝑥𝑖 from 𝑥0 to 𝑥𝑀  for each vessel segment. Initial 

areas were set at the reference area, 𝐴0 such that 𝑨𝑖
0 = 𝐴0 at every mesh gridpoint 𝑥𝑖 from 𝑥0 

to 𝑥𝑀 for each vessel segment. To correlate with this, the initial pressures were set at the 

corresponding reference pressure, 𝑃0 (see Section 4.3.2). The value of 𝑃0 was set to the diastolic 

pressure of the inlet pressure waveform given at the inlet boundary condition at the root of the 

network. Thus 𝑃0 = 76.41 mmHg was set at every mesh gridpoint at time 𝑛 = 0 for each vessel 

segment. 

 

4.4.7.2 Stability of numerical scheme (CFL condition) 

If 𝐿𝑚𝑖𝑛 was the length of the shortest vessel segment in the network of vessels under 

consideration for a particular patient, the parameters of the meshgrid for that network was set 

such that ∆𝑥 <
𝐿𝑚𝑖𝑛

2
  to ensure that there were at least 3 grid points in each vessel segment. 

Once the grid-space was set for an individual network simulation, the timestep, ∆𝑡, for the 

numerical scheme was chosen to ensure numerical stability by satisfying the Courant-

Friedrichs-Lewy (CFL) condition (Diem and Bressloff 2017): 

 ∆𝑡

∆𝑥
≤

1

|𝑉 ± 𝑐0|
 

 

(4.62) 

where 𝑉 is the velocity and  𝑐0 is the wave-speed given by Equation (4.54). 
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The typical values that were set for the patient-specific networks were: ∆𝑥 ≈ 0.1 and, based on 

this, ∆𝑡 ≈ 3 × 10−5 was chosen to be the largest value possible without violating Equation 

(4.62) to ensure both computational efficiency and stability. 

 

4.4.7.3 Execution 

To initiate the execution of a particular network model, the vessel segment dimensions and 

topology were read from the relevant .csv and .cfg files. The inlet pressure at the root of the 

network was applied to the existing initial conditions and the solvers run by applying the other 

boundary conditions to each vessel segment in the network. The numerical solution was 

calculated over a run of 4 cardiac cycles as the solution was found to converge to steady state 

after 3 cardiac cycles. Solutions from the 4th cardiac cycle were stored for each vessel segment 

at every gridpoint and at 100 equally spaced time intervals in that cardiac cycle in 3D arrays 

for areas, pressures, and flows. The typical execution time for one computational model 

consisting of approximately 120 to 150 vessel segments was: 60 to 70 minutes. 

 

4.4.7.4 High performance computing  

In order to efficiently compute multiple computational network models of varying grafting 

strategies, high performance computing was utilised using the New Zealand eScience 

Infrastructure (NeSI) High Performance Computer Mahuika (Uddstrom and Bethwaite 2019). 

Using embarrassing parallelisation, this allowed up to 30 network models to be solved 

contemporaneously in the 60 to 70 minutes. 

 

4.5 Output analysis of computational models  

 

4.5.1 Visualisation 

Pressure and flows were plotted against distance along vessel segments according to time, 

𝑄(𝑥, 𝑡) and 𝑃(𝑥, 𝑡). VTK was used for 3D visualisation of the calculated 1D pressures and 

flows that were interpolated back onto the original 3D geometries of vessels that had been 

segmented from the CTCA. 
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4.5.2 Model verification 

The computational model was verified by checking the return of realistic pressure and flow 

waveforms for vessel segments throughout the network tree. This included the resultant flow 

waveform at the root vessel of the network and the flows down the major systemic aortic 

branches. The flow and pressure waveforms were verified for the left and right coronary 

arteries by comparing with other models and data in the literature. The grafting model was 

verified by checking the realistic return of the flow and pressure along a LIMA to LAD graft. 

The models were calibrated to measurements and a sensitivity analysis was undertaken to 

determine how certain relevant parameters in the model influenced the model output (Eck, 

Donders et al. 2015). This included artificially varying stenoses in the model to ensure that 

realistic decreases in pressure were being simulated. Graft performance indices such as MGF 

and PI were also verified by checking that an expected correlation was returned by the model.  

 

4.5.3 Regional myocardial territory perfusion 

Mean flows across the cardiac cycle, �̅�𝑖, were calculated for each vessel segment at a specified 

distance, 𝑥, along the length of the vessel where 𝑥 = 𝑖∆𝑥, and 𝑖 is the mesh gridpoint number, 

by averaging the instantaneous flows, 𝑄𝑖
𝑛, recorded at 100 equally spaced time intervals, 𝑁, 

over the one cardiac cycle  

 
�̅�𝑖 = 

∑ 𝑄𝑖
𝑛𝑁

0

𝑁
 

 

(4.63) 

For the calculation of regional myocardial territory perfusion, the mean flows at the end of the 

vessel at the terminal outlets assigned to a particular territory were summed: 

 �̅�𝑡𝑒𝑟𝑟𝑖𝑡𝑜𝑟𝑦𝑀
= ∑�̅�𝑠𝑒𝑔𝑚𝑒𝑛𝑡𝑀

  

(4.64) 

 

4.5.4 Significance of Stenoses 

iFR (Section 2.3.2.2) was chosen to determine the significance of stenoses, as this was 

calculated at rest, in keeping with the simulation. FFR could also have been calculated directly 

but this would have required a crude estimation of the coronary flow reserve (CFR), which 

others have assigned CFR as 2.6 (Johnson, Kirkeeide et al. 2012) but this may differ between 

specific patients as the estimate of 2.6 applies to non-ischemic hearts (Carson, Pant et al. 2019). 
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Furthermore, as the graft performance parameters that surgeons are familiar with are also 

calculated at rest, in order to maintain consistency and avoid the need to run more simulations 

at hyperemia, the decision was made to use iFR. This required the consideration of the 

pressures recorded in the vessel segment proximal and vessel segment distal to the stenosis 

during the diastolic wave-free period. The mean pressure at the end of the vessel segment 

proximal to the stenosis was calculated over the diastolic wave-free period as the last 75% in 

time duration of diastole, �̅�𝑝𝑠𝑡𝑒𝑛𝑀
(𝐷𝑊𝐹). Similarly, the mean pressure at the start of the vessel 

segment distal to the stenosis was calculated over the diastolic wave-free 

period, �̅�𝑑𝑠𝑡𝑒𝑛0
(𝐷𝑊𝐹). Therefore, the iFR of the particular stenosis, 𝑖𝐹𝑅𝑠𝑡𝑒𝑛, was calculated 

as follows: 

 
𝑖𝐹𝑅𝑠𝑡𝑒𝑛 =

�̅�𝑑𝑠𝑡𝑒𝑛0
(𝐷𝑊𝐹)

 �̅�𝑝𝑠𝑡𝑒𝑛𝑀
(𝐷𝑊𝐹)

 
 

(4.65) 

An example of calculating the iFR is shown in Figure 4.34. 

 

 

 

 

 

 

 

Figure 4.34 Diastolic wave-free period proximal and distal to stenosis 
In this example there is a critical 99% diameter stenosis in the RCA vessel, leading to a significant pressure drop 

from proximal to distal across the stenosis where 𝑖𝐹𝑅 =
23.51

80.89
= 0.29 

 

The iFR result was reported for each stenosis in any relevant network circulation for the trial 

involving the surgeons. For surgeons who were not as familiar with iFR, the equivalent FFR 

was also reported by using Equation (4.66) obtained from the literature which correlated the 

two metrics (Matsuo, Kawase et al. 2017): 

 𝐹𝐹𝑅 = 0.68 × 𝑖𝐹𝑅 + 0.18 (4.66) 

DWF 
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4.5.5 Graft performance 

The measures of graft performance that most surgeons are familiar with are the mean graft 

flows and the pulsatility index. The other measures such as diastolic filling percentage and 

backward flow fraction were also calculated for each graft but not reported to the surgeons to 

avoid information overload. 

 

The mean graft flow at a specific site, �̅�𝑖, was calculated using the method used to calculate 

the mean flows in a vessel segment (Equation (4.63)). It was reported at the end of the graft 

towards the anastomosis as previous clinical studies had demonstrated the influence of the graft 

capacitative flow on altering the pulsatility index and lowering the diastolic filling percentage 

when measurements were taken near the proximal end of the graft (Jelenc, Jelenc et al. 2014).  

 

The pulsatility index was calculated at the same site, 𝑖, by taking into consideration the 

maximum flow, 𝑄𝑚𝑎𝑥𝑖
, minimum flow, 𝑄𝑚𝑖𝑛𝑖

, and mean flow, �̅�𝑖, across the cardiac cycle 

using the formula: 

 
𝑃𝐼 =

𝑄𝑚𝑎𝑥𝑖
− 𝑄𝑚𝑖𝑛𝑖

�̅�𝑖

 
 

(4.67) 

The diastolic filling percentage was calculated as the blood flow in diastole divided by the total 

blood flow, while the backward flow fraction was calculated as the percentage of reverse 

(negative) blood flow during one cardiac cycle (Amin, Pinho-Gomes et al. 2016). 

 

4.5.6 Model validation 

Whereas the model verification process involved checking for the return of realistic flow and 

pressure waveforms, the validation process involved comparing quantitative model outputs 

against in vivo measurements obtained from the literature. For validation of regional 

myocardial territory perfusion predicted by the non-diseased computational models, the 

myocardial blood flow per gram of muscle in every coronary territory can be calculated and 

should be greater than 1.5 ml/g/min when no stenoses are present (Knott, Camaioni et al. 2019).  
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Validation of the stenoses models was achieved by comparing pressure drops across stenoses 

and their predicted functional significance to existing data in the literature, where it has been 

noted that at rest stenoses greater than 85% lead to appreciable decreases in vessel flow (Gould, 

Lipscomb et al. 1974, Uren, Melin et al. 1994). 

 

The validation of the grafting models was performed by comparing the predicted MGF and PI 

of grafts with measurements available in the literature. In particular, the MGF and PI calculated 

in grafts according to significance of stenoses was correlated for validation. 

 

4.6 Study on surgeon decision-making 

 

Once the computational model setup had been verified and validated, the final aspect of the 

research project was to conduct a study examining the influence of quantitative information 

provided by the computational models on selection of grafting configurations for patients by 

expert and novice coronary surgeons. Regional ethics approval was obtained from the Health 

and Disability Ethics Committee (HDEC) (approval reference 15/STH/245, 29/03/2016). The 

study was registered with the Australian and New Zealand Clinical Trials Registry (ANZCTR): 

ACTRN 12615000954527 

 

4.6.1 Aims and hypotheses 

The first aim was to determine the ideal, satisfactory, unsatisfactory and optimal aortic and 

anaortic bypass grafting configurations for each of the five patients’ diseased coronary 

circulations.  

 

The second aim was to compare a variety of flow outcomes arising from bypass configurations 

selected by surgeons using a standard decision-making process with those from a computer 

modelling informed process. The primary endpoint was the selection of an unsatisfactory 

grafting configuration based on mean graft flows or pulsatility index. The null hypothesis was 
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set as: “There is no difference in the selection of unsatisfactory grafting configurations between 

standard surgeon decision-making and a computer modelling informed surgeon”.  

 

The third aim was to determine the effect of adding quantitative regional myocardial perfusion 

flows in addition to information regarding graft performance in influencing the decision-

making of surgeons.  

 

The fourth aim was to compare differences between expert and novice coronary surgeons with 

respect to the influence of the computational models on their changes in decision-making. The 

subgroup analysis was undertaken for all the outcomes of interest.  

 

4.6.2 Selection of patient cases 

Suitable patient cases for inclusion in the study were identified by screening patients on the 

waiting list for surgery over a five-year period. All patients were required to have had a CT 

coronary angiogram as well as an invasive coronary angiogram. Only patients with a right 

dominant coronary artery system were considered, to avoid concerns regarding grafts reaching 

a left-sided posterior descending artery. All patients were required to have severe triple vessel 

disease with at least one severe coronary stenosis (severity of 75% to 99% diameter) in each 

of the 3 main myocardial perfusion territories. This requirement was to take the surgeons’ focus 

away from avoiding competitive flows with a radial artery to the actual arrangement of the 

arterial conduits. All patients were required to have suitable sites for grafting distal to a stenosis 

where the calibre of the native coronary artery was greater than 1.4 mm in diameter to alleviate 

surgeon concerns regarding distal graft run-off. Five patient cases were identified using these 

inclusion criteria. The coronary tree diagrams, which are the cardiologists’ interpretation of the 

invasive coronary angiogram’s distribution and significance of stenoses in the major epicardial 

and intramyocardial vessels were obtained (Figure 4.35). 

 



Chapter 4: Materials and Methods  109 

___________________________________________________________________________ 

 

  

  

 

 

 

Figure 4.35 Coronary tree diagrams for the 5 selected patients 
(A)-(D): The coronary tree diagrams of all patients were re-drawn, re-labelled and anonymised to maintain 

confidentiality 

 B  

 C   D  

 A  
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Figure 4.35 Coronary tree diagrams for the 5 selected patients (cont.) 
(E): The coronary tree diagrams of all patients were re-drawn, re-labelled and anonymised to maintain 

confidentiality 

 

Patient A and Patient B, both had a ramus intermedians artery, meaning a trifurcating left main 

coronary artery (LMCA). Patient C and D had additional less severe stenoses. Patient E had an 

in-stent restenosis in the LAD.  

These five patient cases had been selected to include a range of variation in the distribution of 

the severe stenoses affecting the three myocardial perfusion territories which have been 

summarised in Table 4.6.  

 

 

 

 

 

 

 E  
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Table 4.6 Distribution of severe stenoses in the 5 patient cases 

 Location and percentage diameter severe stenoses in each territory 

 LADterritory CIRCterritory RCAterritory 

Patient A Mid LAD – 90% Prox CIRC – 95% Ostial RCA – 99% 

Patient B Prox LAD – 95% Prox OM1 – 75% Prox RCA – 99% 

Patient C Mid LAD – 85% Prox CIRC – 75% Mid RCA – 90% 

Patient D Mid LMCA – 80% 

Prox LAD – 75% 

Mid LMCA – 80% Mid RCA - 95% 

Patient E ISR Prox LAD – 90% Prox OM2 – 99% Mid RCA – 90% 
Ostial is a stenosis at the start of the vessel, Prox is a stenosis in the proximal third of the vessel, Mid is a stenosis 

in the middle third of the vessel and ISR is the in-stent restenosis 

 

4.6.3 Selection of grafting configurations 

The twelve grafting configurations using in situ or composite bilateral internal mammary 

arteries along with a radial artery, as described by experts in the literature (Section 2.2.3), were 

examined for each patient-specific diseased coronary circulation. Four of these grafting 

configurations involved an aorto-coronary graft, meaning a graft which came off the aorta, 

termed “aortic configurations” (Figure 4.36). 
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Figure 4.36 Aortic configurations 
Three of the four configurations used in situ BIMAs and simple grafts (configurations 2, 3, 4), while the other 

configuration used a composite-Y graft (configuration 1). 

 

The other eight grafting configurations involved no vessel connection onto the aorta and these 

were termed “anaortic configurations”. Four of them involved in-situ grafts with Y-grafts 

(Figure 4.37).  
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Figure 4.37 Anaortic configurations with Y-grafts only 
Two of the configurations used in situ BIMAs (configurations 5 and 6). Configuration 7 had a double Y-graft. 

Configuration 8 used a sequential RIMA graft off the LIMA 

 

The other four anaortic configurations involved I-grafts or even one J-graft (Figure 4.38). 
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Figure 4.38 Anaortic configurations with I-grafts or J-grafts 
Three of these configurations used in situ BIMAs (configurations 9, 10, 12). Three of the configurations used I-

grafts to extend the IMA to be used as sequentials (configurations 9, 10, 11). Configuration 12 employed a J-graft 

(jump graft) off the radial artery off the LAD to the PDA. 

 

 

4.6.4 Analysis of grafting configurations  

For each of the five patients, computational models were first created for their coronary 

circulations without any stenoses to represent a theoretical non-diseased circulation. Regional 
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myocardial territory perfusion was then calculated for each patient. Thereafter, stenoses were 

introduced into the models for each patient and the iFR was calculated for each stenosis along 

with the decreased regional myocardial perfusion. The twelve grafting configurations were 

then added to each of the 5 patients’ stenotic models and solved efficiently using high 

performance computing. The mean flow and pulsatility index was calculated for each graft as 

well as the regional myocardial territory perfusion in each grafting configuration. The 

percentage of decreased myocardial perfusion due to the stenoses when compared with a 

theoretical non-diseased circulation was noted, as was the amount restored by the grafting 

configurations.  

 

The grafting configurations were classified as unsatisfactory, satisfactory or ideal based on the 

graft performance indices. An unsatisfactory grafting configuration was defined as occurring 

when either the MGF was less than 15 ml/min in any graft or the PI > 5 in any graft. A 

satisfactory grafting configuration was defined when the MGF was greater than 15 ml/min in 

all grafts, however the PI was between 3 and 5 for a graft to the left ventricular target. An ideal 

grafting configuration was defined when the MGF was greater than 15 ml/min in all grafts and 

the PI < 3 in all.  

 

Graft performance provides only one aspect of the flows as consideration also needs to be made 

for the myocardial perfusion restored to the heart itself. A surgeon was required to synthesise 

this information using the starting point of graft performance indices and thus each patient case 

posed a different degree of difficulty in choosing an aortic and anaortic configuration.  

 

The optimal grafting configuration was defined based on the subjective preferences of surgeons 

established a priori to optimise flows in the LAD territory on account of the importance placed 

on the IMA graft to the LAD. The multi-objective optimisation criteria was thus stated as 

follows: the optimal configuration was defined as that which provided maximum total 

myocardial perfusion to the heart as defined by the sum of the flows down the 3 native coronary 

artery territories, whilst maximising flow down the LADterritory and with grafts that were 

performing satisfactorily with at least mean flows in the grafts greater than 15 ml/min at a 
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pulsatility index < 5 with preference given to ideal strategies that have pulsatility indices < 3 

for left-sided grafts, if they existed:  

 

 𝑚𝑎𝑥
𝑥 

�̅�𝑇𝑂𝑇𝐴𝐿𝑇𝐸𝑅𝑅𝐼𝑇𝑂𝑅𝑌
(𝑥 ), �̅�𝐿𝐴𝐷𝑇𝐸𝑅𝑅𝐼𝑇𝑂𝑅𝑌

(𝑥 ) 

subject to: 

�̅�𝐺𝑅𝐴𝐹𝑇 > 15 ml/min 

𝑃𝐼𝐺𝑅𝐴𝐹𝑇 < 3  

where: 𝑥 ⃗⃗⃗  ∈ 𝑋 is the set of feasible grafting configurations 

 

 

(4.68) 

4.6.5 Selection of participant surgeons 

Determining the number of surgeons involved in the study required the following 

considerations for the primary and secondary outcome measures. The selection of an 

unsatisfactory grafting configuration by a surgeon would be recorded before and after a 

surgeon was provided with the computational model’s calculated quantitative information. 

Therefore, this represented a paired proportion, similar to a pre-test-post-test design. If close 

to 50% of the selected grafting configurations were deemed unsatisfactory prior to the 

computer modelling information being provided but close to 0% after the computer modelling 

information being provided, then the study would require a sample size of 16 to achieve two-

tailed statistical significance with an alpha level 0.05 and a power of 0.8 (Dhand and Khatkar 

2014). For the subgroup analysis, assuming that proportion of decisions changed due to 

information from the computational model in novices was more than 80% (4 in every 5 

decisions) and the decisions changed due to the computational model in experts was less than 

20% (1 in every 5 decisions), then to detect a two-tailed difference in proportion of decisions 

changed as being statistically significant, with alpha level 0.05, and power 0.8 required 7 

participants per group. Given the small nature of the study and the administration of the survey 

in one sitting, there would be no dropouts expected. 

 



Chapter 4: Materials and Methods  117 

___________________________________________________________________________ 

 

Sixteen cardiac surgeons (8 experts and 8 novices) were recruited for participation in the study. 

Their experience in performing coronary artery bypass surgery was noted by recording the 

volume of coronary artery bypass grafting operations performed in their career and current 

practice of total arterial revascularisation using bilateral internal mammary arteries. Experts 

were defined as having been in practice for at least 10 years and having performed more than 

1000 coronary artery bypass grafting operations. This definition would account for a 

cumulative minimum dedicated practice of 10,000 hours for expertise in a technical occupation 

(Ericsson 2004). Novices were defined as having less than five years of independent operating 

experience and having performed less than 1,000 coronary bypass grafting operations. 

 

4.6.6 Survey design and administration procedures 

Each of the 5 patients’ diseased coronary circulations were presented in the form of the 

coronary tree diagrams (Figure 4.35). Surgeons were asked to select grafting configurations 

for each patient. They were informed that the only available conduits for use would be the 

LIMA, RIMA and one radial artery. They were advised that all patients had a normal BMI and 

that no patient had COPD, diabetes or any other condition that would preclude the use of 

BIMA. All patients had an overall preserved left ventricular function. They were informed that 

all distal sites identified as target sites for grafting were greater than 1.4 mm in diameter and 

suitable for grafting. Conduit lengths were adequate for an in situ RIMA to reach the OM target 

in all cases and for an in situ RIMA to reach a distal RCA/PDA. They were told that the focus 

of the study was on how a surgeon arranges the conduits.  

  

The study was delivered in four stages. At the first stage (stage I), for each patient A to E, the 

surgeons were asked to choose their preferred aortic configuration of grafts and their preferred 

anaortic configuration of grafts. This involved a set of 2 grafting configuration decisions per 

patient for each surgeon or a total of 10 decisions. Across 16 surgeons, this totalled 160 

decisions or 80 decisions per group of expert or novice. The surgeons were also asked their 

preference for using an aortic configuration versus an anaortic configuration if there were no 

constraints. The distribution of preferred grafting configurations for both aortic and anaortic 

strategies for each patient were noted. 
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At the second stage (stage II), the surgeons were shown the twelve grafting configurations used 

by surgeons around the world (as described in Section 4.6.3) and were asked to rank them from 

1 to 5 as to which configurations they were most likely to use by selecting two aortic 

configurations and three anaortic configurations. They were also asked to select any of the 

twelve configurations that they would not consider using. The purpose of this question was to 

get the surgeons familiar with the grafting configurations for the next two stages and to use 

these results for comparison when considering the patient-specific nature of decision-making. 

 

At the third stage (stage III), the surgeons were presented with the computational model and 

its ability to predict the significance of stenoses as well graft performance indices (mean flows 

and pulsatility indices) arising from different grafting configurations. There was an assumption 

that no technical errors would be made by the surgeon in their procurement of graft conduit or 

their performance of the surgical anastomoses. They were shown visual examples of flows 

down grafting configurations and it was mentioned that the model was validated against data 

from the literature, in order to improve trust in simulation results within the surgeon group. 

However, the surgeons were also given the option of not taking heed of the computational 

model. They were then shown each patients’ coronary tree diagram again with the significance 

of the stenoses calculated and were shown the mean graft flows and pulsatility indices predicted 

by the computational model and were asked to rank their top 5 configurations (of which 2 were 

aortic and 3 anaortic). They were also given the option of choosing and describing an 

alternative configuration that was not listed in the twelve. 

 

At the fourth and final stage (stage IV), the surgeons were presented with the ability of the 

computational model to also provide predicted regional myocardial perfusion flows both before 

grafting and after grafting. They were again shown the information for each patient from the 

third stage with the addition of regional myocardial perfusion flows and asked to again rank 

their top 5 configurations (of which 2 were aortic and 3 anaortic). They were again given the 

option of choosing and describing an alternative configuration that was not listed in the twelve. 
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4.6.7 Outcomes of interest 

The configuration or rankings of configurations that were selected by a surgeon for a particular 

patient 𝑌 at a certain point in time, stage 𝑍, could be expressed by the decision vector 𝑥 ⃗⃗⃗  𝑌,𝑍 

where 𝑌 = {Patient A, Patient B, Patient C, Patient D, Patient E} and 𝑍 = {stage I, stage II, 

stage III, stage IV}.  

 

For each surgeon’s preferred grafting configuration selections for both aortic and anaortic 

configurations for the 5 patients, the following outcomes of interest resulting from the selected 

configurations were noted and pairwise comparisons made between stage I (standard surgeon 

decision) and stage IV (fully computer-informed surgeon decision) 

• Number of configurations that would result in unsatisfactory graft flows or pulsatility 

indices (primary outcome measure) 

• The mean total graft flows achieved 

• The mean graft to LAD flows achieved 

• The mean total myocardial blood flow achieved 

• The mean myocardial blood flow to the LAD territory achieved  

• The number of unique grafting configurations selected amongst the 5 patients 

• The number of optimal grafting configurations selected (as described by Equation 

(4.68)) 

 

Additional outcomes of interest arising from comparison of data between other stages, were:  

• The number of configuration rankings that changed when a surgeon was provided with 

regional myocardial perfusion information (stage IV) in addition to graft performance 

data (stage III) 

• The number of configurations that the surgeons stated that they would not use (stage 

II) but later did use after being presented with the computational model data (stages III 

and IV) 
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4.6.8 Statistical analysis  

The differences in each outcome measure were compared as continuous variables for flows 

with paired t-tests and as proportions for discrete variables with chi-squared tests. If parametric 

assumptions were not satisfied, then the Mann-Whitney U-test for independent comparisons 

was performed or the Wilcoxon signed rank-test for dependent comparisons. For the primary 

outcome measure, McNemar’s test was performed to determine the influence of the 

computational model in changing individual surgeons’ selection of unsatisfactory grafting 

configurations. The level of statistical significance was set at a P-value < 0.05 and the statistical 

tests were two-tailed with power 0.8 to test hypotheses. In order to establish the effectiveness 

of the computational model in changing a surgeon’s decision for a grafting configuration 

toward a satisfactory configuration, a learning gain attributable the computational model was 

set at 30% of surgeons improving their decisions, which is considered effective for an 

educational intervention (Hake 1998).  

 

4.7 Summary 

This materials and methods chapter described in detail the 1D-0D computational modelling 

used to provide predictive hemodynamic grafting information for use by cardiac surgeons. The 

geometric parameterisation process for the creation of the network grafting models involved: 

a manual method of vessel segmentation; manual post-processing with the addition of side 

vessel branches and step-wise tapering of vessels; and addition of stenoses and grafts at the 

relevant positions. The mathematical modelling of the network grafting models involved: the 

governing 1D Navier Stokes equations and pressure-area constitutive relation; the Lax-

Wendroff numerical scheme to solve the equations; the description of the inlet pressure 

boundary condition at the root of the network; the mathematical equations for the different 

types of junctional boundary conditions in the network; and the modelling used for the outlet 

pressure boundary conditions using the 3 element RCR Windkessel lumped parameter models. 

The implementation of these computational models was achieved by: using a standalone 

Python package called “COMCAB”; assigning RCR values at the patient-specific terminal 

vessel outlets; and using high performance computing to run the simulations. The processes 

for analysis of the computational models was then presented including: visualisation and 

verification methods; calculation of regional myocardial territory perfusion; use of iFR and 

FFR for the hemodynamic significance of stenoses; use of MGF and PI as metrics for graft 
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performance; and the methods of validation of the modelling predictions. Finally, the conduct 

of the study involving 16 cardiac surgeons (8 experts and 8 novices) was outlined including 

the aims, methods, outcomes of interest and statistical analysis. In the following chapter, the 

results arising from undertaking the described methodology are presented. 
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Chapter 5: Results  

5.1 Introduction 

This chapter commences with a description of the coronary artery geometry segmented from 

the CTCA scans for each of the five patients. The number of vessels and junctions that were 

involved in their respective network topologies is detailed. Given that the study involved 

creating 70 network models (5 patients each with 1 non-diseased coronary circulation, 1 

stenotic coronary circulation and 12 grafted coronary circulations), to provide the parameters 

of every single network model would be extensive. Therefore, diagrammatic representations 

are provided for the resultant network circulations for one of the patients as an indicative 

example to demonstrate the results of the geometric parameterisation process. Pressure and 

flow waveforms are then presented to verify that the models were producing realistic results. 

The results of the verification and validation of the computational model’s predictive 

hemodynamic flow indices are also presented. The results of the analysis of grafting 

configurations are shown for further discussion considering the clinical findings by previous 

authors. Finally, the results of the decision-making study involving the surgeons are presented.   

 

5.2 Geometric parameterisation of 1D-0D vessel network topologies  

 

5.2.1 Patient-specific segmentation of coronary artery circulations 

For the 5 selected patient cases (as detailed in Section 4.6.2), the segmentation of the major 

epicardial and intramyocardial coronary vessels were determined by the detailed extracted 

from an individual patient’s CTCA (Table 5.1). 

Table 5.1 Details of patient-specific coronary artery segmentation from CTCA 

 Number 

of Axial 

Slices in 

CTCA 

Distance 

between 

adjacent axial 

slices (mm) 

(Z-axis) 

Number of 

vessel centre 

points 

selected 

Number of 

Left 

Coronary 

Vessels 

extracted 

Number of 

Right 

Coronary 

Vessels 

extracted 

Total 

Number of 

Coronary 

Vessels 

extracted 

Patient A 439 0.4 936 10 11 21 
Patient B 311 0.4 1437 18 11 29 
Patient C 640 0.25 3105 21 11 32 
Patient D 344 0.4 1367 13 9 22 
Patient E 640 0.25 2171 15 11 26 
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From this segmentation process, the patient-specific coronary artery vessel segment 

dimensions were calculated for each of the five patients and three-dimensional models created 

to enable further visualisation (Figure 5.1 to Figure 5.5). 

 

(A) 

 

 

    

 

 

 

 

 

 

 

(B) 

Figure 5.1 First patient coronary artery segmentation 
(A) Vessel segment dimensions and (B) 3D visualisation of coronary vessels for Patient A  
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(A) 

 

 

    

 

 

 

 

 

 

(B) 

Figure 5.2 Second patient coronary artery segmentation 
(A) Vessel segment dimensions and (B) 3D visualisation of coronary vessels for Patient B 
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(A) 

 

 

    

 

 

 

 

 

 

(B) 

Figure 5.3 Third patient coronary artery segmentation 
(A) Vessel segment dimensions and (B) 3D visualisation of coronary vessels for Patient C 
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(A) 

 

 

    

 

 

 

 

 

 

(B) 

Figure 5.4 Fourth patient coronary artery segmentation 
(A) Vessel segment dimensions and (B) 3D visualisation of coronary vessels for Patient D 
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(A) 

 

 

    

 

 

 

 

 

 

(B) 

Figure 5.5 Fifth patient coronary artery segmentation 
(A) Vessel segment dimensions and (B) 3D visualisation of coronary vessels for Patient E 
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5.2.2 Theoretical non-diseased coronary circulations 

The addition of side branches with step-wise main vessel tapering, along with the addition of 

19 vessel segments from the generic systemic aortic branch network led to a significant 

increase in the number of vessel segments and junctions under consideration for each patient 

(Table 5.2). 

Table 5.2 Number of vessels segments and junctions in non-diseased circulations 

 Initial Number of 

Coronary Vessel 

Segments 

Extracted 

Final Number of 

Vessel Segments in 

Systemic-Coronary 

Network 

Final Number of 

Junctions in 

Systemic-Coronary 

Network 

Patient A 21 130 63 

Patient B 29 152 74 

Patient C 32 147 72 

Patient D 22 121 59 

Patient E 26 143 70 

 

Each branching network commenced at the aortic root, with an example of Patient E and their 

native non-diseased coronary circulation within the systemic circulation 1D-0D network 

shown in Figure 5.6. The vessel segment dimensions were stored in a .csv file and the vessel 

segment relations at the junctions were described in a .cfg file (Appendix B, Figure B1). 
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Figure 5.6 Example network topology of non-diseased coronary-systemic circulation 
143 vessel segments and 70 bifurcations in the network for Patient E’s non-diseased coronary circulation and 

systemic aortic circulation with terminal vessels being connected to 3WK lumped parameter models 

 

5.2.3 Stenotic coronary circulations 

Incorporating information regarding stenoses from the CTCA, invasive coronary angiogram 

and coronary tree diagrams resulted in two new vessel segments for each segment in the 

network topology where the stenosis was introduced. A concomitant adjustment in vessel 

segment lengths was required as previously detailed (refer to Section 4.2.5). This process 

resulted in one additional vessel segment being introduced into the non-diseased networks per 
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stenosis. This led to an increase in the total number of vessel segments and junctions for each 

patient’s stenotic network (Table 5.3). 

Table 5.3 Number of vessels segments and junctions in stenotic circulations 

 Non-

diseased 

vessel 

network 

Number of 

Vessel 

Segments 

Non-diseased 

vessel 

network 

Number of 

Junctions 

Number 

of 

Stenoses 

Stenotic vessel 

network 

Number of 

Vessel 

Segments 

Stenotic 

vessel 

network 

Number of 

Junctions 

Patient A 130 63 3 133 66 

Patient B 152 74 3 155 77 

Patient C 147 72 6 153 78 

Patient D 121 59 4 125 63 

Patient E 143 70 3 146 73 

 

An example of the vessel network topology for Patient E’s stenotic circulation introducing the 

three stenoses into the theoretical native circulation (Figure 5.6) is shown in Figure 5.7. The 

vessel segment dimensions were stored in a .csv file and the vessel segment relations at the 

junctions were described in a .cfg file (Appendix B, Figure B2). 
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Figure 5.7 Example network topology of stenotic coronary circulation 
146 vessel segments and 73 junctions in Patient E’s stenotic circulation with three lumped parameter stenoses in 

the LAD, OM2 and RCA vessels which are specifically between LAD_psten and LAD_dsten (yellow arrow), 

OM2_2_psten and OM2_2_dsten (blue arrow), and RCA2_1_psten and RCA2_1_dsten (red arrow) 
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5.2.4 Grafted coronary circulations 

The number of additional vessel segments added to the stenotic circulation networks for each 

patient depended upon the particular grafting configuration employed. For example, a grafting 

configuration that included an aortic configuration with a graft off the aorta that went directly 

onto another coronary vessel segment would result in two additional vessel segments. In 

contrast, an in situ IMA graft going directly onto another vessel segment would result in only 

one additional vessel segment. The number of additional vessel segments added to each 

stenotic network topology by the 12 grafting configurations thus varied between 4 and 5 (Table 

5.4). 

Table 5.4 Number of vessels segments added in grafted circulation network models 

Configuration 1 2 3 4 5 6 7 8 9 10 11 12 

Number of vessel 

segments added 

5 5 4 5 5 5 5 5 4 4 4 4 

 

Therefore, the final networks considering the grafting configurations for each patient had the 

number of vessel segments and junctions shown in Table 5.5. 

Table 5.5 Number of vessels segments and junctions in grafted circulations 

 Stenotic vessel 

network 

number of 

vessel segments 

Stenotic vessel 

network 

number of 

junctions 

Grafting vessel 

network number 

of vessel segments 

Grafting vessel 

network 

number of 

junctions 

Patient A 133 66 137 to 138 70 to 71 

Patient B 155 77 159 to 160 80 to 81 

Patient C 153 78 157 to 158 82 to 83 

Patient D 125 63 129 to 130 67 to 68 

Patient E 146 73 150 to 151 77 to 78 

 

An example of the vessel network topology for Patient E’s grafted circulation using aortic 

configuration 4, by introducing arterial grafts into the stenotic circulation (Figure 5.7) is shown 

in Figure 5.8 and the network topology using anaortic configuration 6 in Figure 5.9. 
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Figure 5.8 Network topology of grafted circulation aortic configuration 4 
151 vessel segments and 78 junctions in Patient E’s grafted circulation with an aortic strategy using configuration 

4 with in situ RIMA to LAD, in situ LIMA to OM2 and free RA off aorta to PDA. The RA coming off the aorta 

required the introduction of a second ascending aorta (AA) vessel segment (AA1 and AA2) and this graft attached 

to the junction with PDA1_3_pgraf and PDA1_3_dgraf. The LIMA and RIMA vessels were now detached from 

their previous terminal 3WK lumped parameter models in the stenotic circulation network and attached to the 

coronary circulation. The RIMA attached to the junction of LAD2_4_pgraf and LAD2_4_dgraf while the LIMA 

attached to the junction of OM2_4_pgraf and OM2_4_dgraf 
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Figure 5.9 Network topology of grafted circulation anaortic configuration 6 
151 vessel segments and 78 junctions in Patient E’s grafted circulation with an anaortic strategy using 

configuration 6 with in situ LIMA to LAD, in situ RIMA to OM2 and free RA Y-graft off RIMA to PDA. As 

there was no graft off the aorta, there was only one ascending aorta (AA) vessel segment (AA1). The Y-graft of 

the RA off the RIMA, resulted in an additional bifurcation with the RIMA stem leading to the Y-graft being 

termed the RIMA_Y_STEM  

 

The vessel segment data and relations accompanying these two grafting network example 

topologies can be found in Appendix B, Figure B3 and Figure B4. The geometric 

parameterisation of the 1D-0D vessel network topologies resulted in 1 non-diseased network, 

1 stenotic network and 12 grafting networks for each patient. For the 5 patients this resulted in 

a total of 70 (14 × 5) networks to generate coronary blood flow simulations.  
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5.3 Implementation of computational models 

 

5.3.1 Simulation parameters 

The chosen meshgrid size, ∆𝑥 , and timestep, ∆𝑡 , for each of the 14 networks solved for each 

patient allowed a steady state solution to be achieved after three cardiac cycles. The compute 

time for the solution for an individual network typically took between 59 minutes and 75 

minutes (Table 5.6). 

Table 5.6 Simulation parameters for execution of patient-specific vessel networks 

 ∆𝒙 

(cm) 

∆𝒕 

(sec) 

No. of vessel 

segments 

No. of 

junctions 

Patient A     

Non-diseased 0.1 2.92 ×10-5 130 63 

Stenotic 0.1 2.92 ×10-5 133 66 

Grafted 0.1 2.92 ×10-5 137 to 138 70 to 71 

Patient B     

Non-diseased 0.105 3.2 ×10-5 152 74 

Stenotic 0.105 3.2 ×10-5 155 77 

Grafted 0.105 3.2 ×10-5 159 to 160 80 to 81 

Patient C     

Non-diseased 0.1 2.95 ×10-5 147 72 

Stenotic 0.1 2.95 ×10-5 153 78 

Grafted 0.1 2.95 ×10-5 157 to 158 82 to 83 

Patient D     

Non-diseased 0.1 2.95 ×10-5 121 59 

Stenotic 0.1 2.95 ×10-5 125 63 

Grafted 0.1 2.95 ×10-5 129 to 130 67 to 68 

Patient E     

Non-diseased 0.1 2.95 ×10-5 143 70 

Stenotic 0.1 2.95 ×10-5 146 73 

Grafted 0.1 2.95 ×10-5 150 to 151 77 to 78 
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5.4 Output analysis of computational models 

 

5.4.1 Verification of vessel segment solutions 

Flows, 𝑄(𝑥, 𝑡) and pressures 𝑃(𝑥, 𝑡) were able to be visualised for any of the vessel segments 

solved in the network according to distance and time to verify that the models were behaving 

as expected (Figure 5.10).  

 

 

 

 

 

 

 

 

 

Figure 5.10 Flows and pressures in vessel segments according to distance and time  

 

5.4.1.1 Flows in the aortic root and major aortic branches 

In this work, an inlet pressure was prescribed at the root vessel segment and solved for flow 

which was different to the strategy employed in VaMpy (Diem, Bressloff 2017) where an inlet 

flow was prescribed resulting in pressure calculations. VaMpy used an 18 × 18 Jacobian matrix 

in their bifurcation solver compared with the 3 × 3 matrix used here. Nevertheless, the inlet 

flow profile obtained was similar to that obtained from in vivo patient data in a study examining 

flow measurements at the aortic root with cardiac MRI (Bertelsen, Svendsen et al. 2016) 

(Figure 5.11). 
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Figure 5.11 Flows and pressures at the aortic root inlet over one cardiac cycle 
The flows obtained from the prescribed inlet pressures at the root vessel of the network (AO1) demonstrated a 

physiological waveform when compared with in vivo patient data reported by Bertelsen et al. (2016) 

 

Solving the whole network of vessel segments resulted in realistic flow waveforms along the 

ascending aorta and the descending thoracic aorta, as described by other computational models 

in the literature (Reymond, Crosetto et al. 2013, Alastruey, Parker et al. 2012). Specifically, 

with increasing distance away from the aortic root, the flow waveforms in the thoracic aorta 

demonstrated a decrease in amplitude and a phasic delay shift (Figure 5.12). 
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Figure 5.12 Flows along the aorta at main segments and branches 
The amplitude of the flow waveform decreased with a phasic delay shift from the end of the ascending aorta (AA), 

travelling toward the end of the aortic arch (ARCH2) and the end of the descending aorta (DA)  

 

 

5.4.1.2 Flow and pressure waveforms at left coronary inlet 

The obtained pressures and flows at the left main coronary artery inlet compared reasonably 

with those from other computational models in the literature (Sankaran, Moghadam et al. 2012, 

Ballarin, Faggiano et al. 2016, Hadjiloizou, Davies et al. 2008) and demonstrated a strong 

diastolic-dominant waveform with less flow in systole due to the downstream effects of left 

ventricular myocardial contraction. A direct comparison with the predicted flow waveform 

from 3D computational modelling by Kim, Vignon-Clementel et al. 2010, obtained by 

combining the LAD and CIRC vessels to give the LMCA flow and adjusting for the cardiac 

cycle time period, is shown in Figure 5.13.  
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Figure 5.13 Verification of LMCA pressures and flows 
The LMCA has the expected diastolic dominant flow waveform with low systolic peak, due to the effects of LV 

myocardial contraction. The waveform in this particular patient compares reasonably with that predicted by the 

3D CFD model of Kim et al. (2010)  

 

5.4.1.3 Flow and pressure waveforms at right coronary inlet 

The obtained pressures and flows at the right coronary artery inlet were also similar to those in 

the literature (Sankaran, Moghadam et al. 2012, Ballarin, Faggiano et al. 2016, Hadjiloizou, 

Davies et al. 2008). The right coronary artery had a flow waveform that was significantly less 

diastolic dominant than the left main coronary artery (Figure 5.14).  
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Figure 5.14 Verification of RCA pressures and flows 
The RCA flow waveform has the expected high systolic peak due to effects of RV myocardial contraction. The 

predicted waveform has similar profile to that reported by the 3D CFD model of Kim et al. (2010), however, this 

particular patient had more patient-specific right coronary artery flow 

 

5.4.1.4 Pressures along left anterior descending artery 

The decrease in pressures obtained along the length of the left anterior descending artery in a 

non-diseased circulation (Figure 5.15) agreed with the observations reported in a computational 

model of pulsatile blood flow in the entire coronary tree that was validated by porcine heart 

models (Huo, Kassab 2006).  
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Figure 5.15 Verification of pressures along LAD 
A physiological loss of pressure was encountered along the length of the LAD from the more proximal segments 

(LAD) to the middle segments (LAD3_1, LAD4_1) and more distal segments (LAD4_3, LAD4_5). 

Measurements displayed were taken from the start of each vessel segment, except for the end of LAD4_5. As 

noted in Huo and Kassab (2006), there is a significant pressure drop when the diameter of vessels becomes less, 

especially in the microcirculation 

 

5.4.1.5 Stenoses 

The pressure waveforms immediately before and after a stenosis were used to verify that the 

stenosis model was behaving as expected (Figure 5.16 and Figure 5.17). 

 

 

 

 

 

 

Figure 5.16 Verification of pressure drops due to a severe stenosis 
In this example, a severe 90% diameter stenosis of length 2cm in the RCA vessel, results in a hemodynamically 

significant pressure drop from proximal to distal across the stenosis where 𝑖𝐹𝑅 =
38.369

73.476
= 0.522 
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Figure 5.17 Verification of pressure drops due to a mild stenosis 
In this example, a mild 40% diameter stenosis of length 0.5cm in a LAD vessel, results in a hemodynamically 

non-significant pressure drop from proximal to distal across the stenosis where 𝑖𝐹𝑅 =
78.245

78.902
= 0.992. This agrees 

with the findings reported by the 3D CFD model of Kim et al. (2010), where less than 50% diameter stenoses 

resulted in no appreciable decrease in flows at rest 

 

A relationship between iFR and percent diameter stenosis was further explored by increasing 

the stenosis severity between 0% to 99% and this verified that the stenosis model was behaving 

appropriately. A percent diameter stenosis greater than 85% was required to decrease flows 

significantly in keeping with an in vivo clinical study measuring basal myocardial blood flow 

in 35 patients with single vessel coronary artery disease (Uren, Melin et al. 1994) (Figure 5.18).  
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Figure 5.18 Verification of decreasing iFR with increasing percent diameter stenosis 
Here is an example of the 0.7cm length stenosis in Patient A’s CIRC artery which has a 95% diameter stenosis. 

The percentage diameter was artificially varied from 0% to 99% to verify that the stenosis model was behaving 

as expected. With increasing diameter stenosis percentage beyond 80%, the lesions became hemodynamically 

significant at rest (iFR < 0.90) 

 

5.4.1.6 Flows and pressures along left internal mammary artery to LAD 

The flow waveforms obtained in the LIMA graft to the LAD at its proximal and distal end (at 

the anastomosis to the LAD) (Figure 5.19) were compared to the physiological phenomenon 

observed by others. The flow waveform at the inlet of the LIMA demonstrated a systolically 

dominant pattern as it arises from the left subclavian artery, while at the outlet of the LIMA 

there was a more diastolically dominant pattern due to the proximity to the coronary circulation 

at its anastomosis (Di Giammarco, Marinelli et al. 2017). Furthermore, the quantitative MGF 

and PI calculations were compared to the results of an in vivo study measuring TTFM 

parameters in 15 LIMA to LAD grafts in 17 patients (Jelenc, Jelenc et al. 2014). In their in vivo 

study, there was a statistically non-significant trend of slightly higher PI values at the proximal 

end of the grafts when compared with the distal end of the grafts (3.2 ± 1.7 vs 2.9 ± 0.8, P = 

0.363) with similar MGF (33 ± 18 ml/min vs 35 ± 21 ml/min, P = 0.330). However, unlike the 
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calculations possible with the computational models, TTFM measurements cannot be 

performed in vivo at the true origin of the LIMA graft or true insertion point at the anastomosis.  

 

  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.19 Verification of flows and pressures in LIMA to LAD 
The LIMA inlet demonstrated a more systolically dominant flow waveform whereas the LIMA outlet had a more 

diastolically dominant flow waveform. There was some backward flow at the onset of systolic ejection in the 

LIMA graft near its anastomosis (LIMA outlet) due to the downstream effects of LV myocardial contraction that 

was not evident at the inlet of the LIMA graft. The MGF in this example was calculated to be similar at the inlet 

and outlet of the LIMA with values of 31.25 ml/min and 31.28 ml/min, respectively. The PI was higher at the 

LIMA inlet with a PI 1.77 compared with PI 1.43. There was an expected pressure drop from the inlet of the 

LIMA to its outlet due to the vascular resistance of the conduit 
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5.4.1.7 Mean graft flows and pulsatility indices in unsatisfactory grafts 

A correlation of mean graft flows with pulsatility indices for poorly performing grafts was 

undertaken to ensure that the graft flow waveforms that constitute the basis for the calculation 

of these derived parameters provide expected results. The steal of flow or competitive flow 

resulting in unsatisfactory grafts should result in a calculated inverse relationship between 

MGF and PI (Figure 5.20).  

 

Figure 5.20 Relationship between mean graft flow and PI in unsatisfactory grafts 
Satisfactory grafts usually have MGF >15 ml/min and a PI < 5. A strong correlation (R = 0.974) between MGF 

and PI for a selection of unsatisfactory grafts determined by the predictive computational models across the five 

patients was found 

 

5.4.2 Flows and pressures throughout coronary circulation networks 

The flows and pressures obtained according to time throughout the cardiac cycle were 

interpolated back onto the segmented geometries for visualisation of each patient’s theoretical 

non-diseased coronary circulation, stenotic circulation and virtual grafted circulations. 

 

5.4.2.1 Theoretical non-diseased coronary circulation 

An indicative example of flows predicted in a non-diseased coronary circulation was used to 

demonstrate to the surgeons the capabilities of the computational model (Figure 5.21). 
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Figure 5.21 Flows in non-diseased coronary circulation for Patient E at one time point 

A total of four reference time points were used (Figure 5.22) to demonstrate the calculated 

flows and pressures for this same patient’s theoretical non-diseased circulation during the 

cardiac cycle (Figure 5.23).  

 

Figure 5.22 Reference time points in cardiac cycle for pressure at inlet of LMCA 
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Figure 5.23 Flows and pressures in theoretical non-diseased coronary artery circulation 
The flows (Q) in ml/min and pressures (P) in mmHg are displayed for four time points in the cardiac cycle: early 

systole, mid systole, early diastole and mid diastole for Patient E 
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5.4.2.2 Stenotic coronary circulation 

An example of flows predicted in a stenotic coronary circulation was used to demonstrate to 

the surgeons how the stenotic computational model works (Figure 5.24). 

 

Figure 5.24 Flows in stenotic circulation for Patient E at one time point 

 

An example is presented for flows and pressures calculated for this same stenotic circulation 

at the four time points in the cardiac cycle (Figure 5.25). 
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Figure 5.25 Flows and pressures in stenotic coronary artery circulation 
The flows (Q) in ml/min and pressures (P) in mmHg are displayed for four time points in the cardiac cycle: early 

systole, mid systole, early diastole and mid-diastole for Patient E who had a 90% stenosis in LAD, 99% stenosis 

in OM2 and 90% stenosis in RCA 
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5.4.2.3 Grafted coronary circulations 

An example of flows predicted by a particular grafting configuration, where the coordinates of 

the grafts were mapped, was used to demonstrate to the surgeons how the predictive grafting 

computational model functions (Figure 5.26). 

 

Figure 5.26 Flows in grafted circulation with configuration 2 at one time point 

An example of the flows and pressures calculated for this patient’s grafted circulation with 

configuration 2 at four time points in the cardiac cycle is presented (Figure 5.27). 
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Figure 5.27 Flows and pressures in grafted circulations with configuration 2 
The flows (Q) in ml/min and pressures (P) in mmHg are displayed for four time points in the cardiac cycle: early 

systole, mid systole, early diastole and mid-diastole for Patient E who had a 90% stenosis in LAD, 99% stenosis 

in OM2 and 90% stenosis in RCA with this virtual graft configuration with an in situ LIMA to LAD, in situ RIMA 

via transverse sinus to OM2 and RA off aorta to PDA  
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Otherwise, the site of the graft could be represented by an arrow when the exact 3D geometry 

of the grafts was not available (Figure 5.28). 

  

  

  

  

 

Figure 5.28 Flows and pressures in grafted circulations with configuration 11 
The flows (Q) in ml/min and pressures (P) in mmHg are displayed for four time points in the cardiac cycle: early 

systole, mid systole, early diastole and mid-diastole for Patient E who had a 90% stenosis in LAD, 99% stenosis 

in OM2 and 90% stenosis in RCA with this virtual graft configuration with in situ LIMA to OM, free RIMA Y 

(off LIMA) to LAD with RA I extension of RIMA sequential to PDA. The site of the graft anastomosis to the 

coronary circulation is represented by the grey arrows 
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5.4.3 Validation 

The validation of the computational models was achieved by comparing the regional 

myocardial perfusion, significance of stenoses and grafting performance across all patients 

with in vivo data from the literature. 

 

5.4.3.1 Total and regional myocardial perfusion 

The amount of total coronary blood flow predicted by the non-diseased computer models for 

every patient agreed with the literature description of myocardial blood flow constituting 

approximately 5% of total cardiac output or 250 ml/min (Ramanathan and Skinner 2005). The 

total cardiac output (CO) was calculated as the mean flow arising out of the root vessel in the 

network which was the aortic root segment (AO1) (Table 5.7).   

Table 5.7 Non-diseased coronary circulation perfusion 

  LAD CIRC RCA Total AO1 % of CO 

Patient A 106.48 75.76 91.74 273.98 5114.66 5.36 

Patient B 116.91 60.97 74.36 252.24 5091.05 4.95 

Patient C 90.49 83.57 70.50 244.56 5085.84 4.81 

Patient D 94.47 71.71 81.55 247.73 5089.16 4.87 

Patient E 95.88 61.66 71.41 228.95 5070.93 4.52 

 

For every patient, the regional myocardial perfusion was greater than 1.5 ml/g/min which was 

consistent with in vivo data from the literature for coronary circulations without any obstructive 

disease (Knott, Camaioni et al. 2019) (Table 5.8).  

Table 5.8 Non-diseased coronary circulation regional perfusion per gram of myocardium 

ml/min/g LAD CIRC RCA 

Patient A 2.16 1.94 1.97 

Patient B 2.38 1.56 1.60 

Patient C 1.84 2.14 1.52 

Patient D 1.92 1.84 1.75 

Patient E 1.95 1.58 1.54 
 

5.4.3.2 Significance of stenoses 

The stenoses model was validated by comparing the iFR measured for each stenoses at rest in 

all patients versus the percent diameter degree of stenoses. In a large study assessing 1,329 
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lesions, four out of every 5 lesions that were 71 to 90% diameter stenosis were functionally 

significant (Tonino, Fearon et al. 2010). This correlated with the 4 out of 5 lesions in this study 

that were between 71 to 90% diameter stenosis and functionally significant (Figure 5.29). 

 

 

 

 

 

 

 

 

Figure 5.29 Relationship between iFR and degree of stenoses 
The majority of stenoses greater than 85% diameter were functionally significant at rest (iFR < 0.90). Two 

stenoses between 75 to 80% were also functionally significant on account of their increased lesion length 

 

5.4.3.3 Grafting performance 

For validation of the grafting models, the pulsatility indices and mean graft flows obtained 

from the predictive computational models (Appendix C) were compared with in vivo 

measurements from the literature. For the individual LIMA to LAD graft using configuration 

3, the MGF for the five patients was 32.04 ± 9.38 ml/min which compared well with the values 

measured with in vivo TTFM in another study of 30.7 ± 10.3 ml/min (Han, Zhang et al. 2021). 

More comprehensive comparisons are provided for the other grafting strategies in Chapter 6, 

Section 6.3. 

 

The computational models accurately predicted the expected correlation between mean graft 

flow and iFR (R = -0.455) as well as the pulsatility index and iFR (R = 0.522) for all 5 patients 

using configuration 3 as an example, by comparing 15 arterial grafts (Figure 5.30). This 

compared well with an in vivo clinical study involving 25 arterial grafts where the correlation 

coefficients were R = -0.460 and 0.563, respectively (Tolegenuly, Ordiene et al. 2020).  
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(A) 

 

 

(B) 

Figure 5.30 Relationship between graft performance indices and iFR 
(A) Correlation between mean graft flow and iFR (R = -0.455) and (B) correlation between pulsatility index and 

iFR (R = 0.522) using the 15 arterial grafts across 5 patients using separate arterial grafts from configuration 3. 
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5.4.4 Patient-specific grafting configuration outcomes 

The patient-specific grafting outcomes are presented in Appendix C, Figures C1 to C5. 

 

5.4.4.1 Restoration of reduced myocardial perfusion 

The percentage decrease in myocardial perfusion as a result of the stenoses in comparison to a 

theoretical disease-free coronary circulation ranged from 15.77% to 44.06% and the amount of 

perfusion restored by grafting varied between patients and according to the virtual grafting 

configurations ranged from 13.64% to 40.35% (Table 5.9) with patient-specific results in 

Appendix C.  

Table 5.9 Total myocardial perfusion decrease and increase in patients 

 Theoretical 

Myocardial 

Perfusion in 

Non-Diseased 

Circulation 

(ml/min) 

Myocardial 

Perfusion in 

Stenotic 

Circulation 

(ml/min) 

% Decrease 

in 

Myocardial 

Perfusion 

Due to 

Stenoses 

Myocardial 

Perfusion in 

Grafted 

Circulation 

(range)  

(ml/min) 

% Myocardial 

Perfusion 

Restored from 

Grafting  

(range) 

(ml/min) 

Patient A 273.98 153.28 44.06 % 226.95 to 256.96 32.46% to 40.35% 

Patient B 252.24 178.92 29.07% 217.90 to 247.88 17.89% to 27.82% 

Patient C 244.56 205.99 15.77% 238.52 to 260.51 13.64% to 20.93% 

Patient D 247.81 193.04 22.10% 231.22 to 258.24 16.51% to 25.25% 

Patient E 229.04 178.59 22.03% 224.76 to 243.40 20.54% to 26.63% 

 

For patients C, D and E, the grafting configurations leading to the highest total myocardial 

perfusion exceeded the myocardial perfusion for the relevant non-diseased circulations.  

However, for patients A and B the grafting configurations that led to the highest restored 

myocardial perfusion was 93.79% and 98.27% respectively, compared to that of the theoretical 

non-diseased myocardial perfusion. Even the worst performing grafting configuration resulted 

in more myocardial perfusion than the stenotic circulations at rest. Aortic configurations 

resulted in better total myocardial perfusion restoration across all patients when compared with 

anaortic configurations, however, the standard deviation of flows for the anaortic 

configurations was higher, indicating greater variability (Table 5.10). 
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Table 5.10 Myocardial perfusion post grafting in aortic and anaortic configurations  

 
Aortic 

(n = 4) 

(ml/min) 

Anaortic 

(n = 8) 

(ml/min) 

P-value 

Patient A 255.61 ± 2.17 234.42 ± 8.97 0.001 

Patient B 245.64 ± 1.91 233.28 ± 8.33 0.017 

Patient C 256.17 ± 3.23 247.76 ± 5.93 0.026 

Patient D 255.88 ± 2.84 241.29 ± 7.03 0.003 

Patient E 239.34 ± 2.91 229.52 ± 4.33 0.002 

 

5.4.4.2 Unsatisfactory grafting configurations 

Amongst the aortic configurations, configurations 2, 3 and 4 in no circumstances led to an 

unsatisfactory grafting strategy, whereas amongst the anaortic configurations, this was true for 

only configuration 10 (Figure 5.31). Configuration 1 resulted in an unsatisfactory graft in two 

out of the five patients. Configurations 7 and 12 resulted in an unsatisfactory graft in three out 

of 5 patients while for configuration 8 this occurred in two patients. 2 out of 20 aortic 

configurations (10%) were unsatisfactory, however, 12 out of 40 (30%) of anaortic 

configurations were unsatisfactory. 

 

 AORTIC 

CONFIGURATUIONS 

ANAORTIC 

CONFIGURATIONS 

Configuration 1 2 3 4 5 6 7 8 9 10 11 12 

Patient A I I I I I I U U I I I I 

Patient B U S I S S U U I U I U S 

Patient C I I I I I I I I I I I U 

Patient D I I I I I I S I S I S U 

Patient E U I I S U I U U I I S U 

* U = unsatisfactory, S = satisfactory, I = ideal  

Figure 5.31 Unsatisfactory, satisfactory and ideal patient-specific grafting configurations 
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Consequently, when presented with the predicted flow data for each patient, if a surgeon were 

to take heed of the computational model, then the number of configurations that they needed 

to evaluate in order to select an ideal configuration (MGF > 15 ml/min, PI < 3 for LV targets) 

or satisfactory configuration (MGF > 15 ml/min, PI < 5) was specific to the patient (Table 

5.11). 

Table 5.11 Available choices for ideal and satisfactory grafting configurations  

 AORTIC CONFIGURATIONS 

(out of 4 available choices) 

ANAORTIC CONFIUGRATIONS  

(out of 8 available choices) 

 Ideal Satisfactory Ideal Satisfactory 

Patient A 4 4 6 6 

Patient B 1 3 2 3 

Patient C  4 4 7 7 

Patient D 4 4 4 7 

Patient E 2 3 3 4 
 

5.4.4.3 Optimal grafting configurations 

The optimisation algorithm (Equation(4.68)), incorporating the myocardial perfusion achieved 

with the most ideal grafting performance indices, determined the optimal configuration for 

each patient (Table 5.12).  

Table 5.12 Set of optimal grafting configurations in each patient 

 Aortic Graft 

Configurations 

Anaortic Graft 

Configurations 

Patient A Configurations: (3), (4) Configuration: (6) 

Patient B Configuration: (3) Configuration: (10) 

Patient C Configuration: (3) Configuration: (10) 

Patient D Configuration: (3) Configuration: (6) 

Patient E Configuration: (3)  Configuration: (6) 

 

 

5.4.5 Configuration-specific grafting performance outcomes 

The mean graft flows, pulsatility indices and territory perfusion were compared between 

individual types of configurations involving all patients which included BIMA configurations, 

proximal connections of free grafts, sequential grafts and jump grafts. This allowed comparison 

with the published literature. 
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5.4.5.1 Comparison of BIMA configurations 

The comparison of various BIMA configurations is shown in Table 5.13. A LIMA to LAD 

graft led to more flow compared with a RIMA to LAD graft that was statistically significant 

but not clinically significant (32.16 ± 9.52 ml/min vs 29.53 ± 8.85 ml/min, P = 0.008), at a 

lower PI (1.65 ± 0.76 vs 1.78 ± 0.81, P = 0.007) with similar increase in LAD territory perfusion 

(101.79 ± 10.74 ml/min vs 100.88 ± 10.49 ml/min, P = 0.019). There was no significant 

difference in the mean LIMA graft flow when it was anastomosed to the LAD versus going to 

a branch off the circumflex (32.16 ± 9.52 ml/min vs 36.41 ± 10.10 ml/min, P = 0.635).  

 

Although there was significantly more flow at the common stem of a LIMA, from which a Y-

graft arose (61.37 ± 7.11 ml/min vs 32.10 ± 8.91 ml/min, P < 0.001), a separate LIMA to LAD 

graft resulted in more graft flow (32.10 ± 8.91 ml/min vs 26.02 ± 11.66 ml/min, P = 0.002) and 

perfusion to the LAD territory (100.09 ± 10.41 ml/min vs 101.86 ± 10.12 ml/min, P < 0.001). 

There was no significant difference in graft to LAD flows from configurations using RIMA to 

LAD with LIMA to CIRC versus configurations using LIMA to LAD with Y-RIMA to CIRC 

(29.53 ± 8.85 ml/min vs 26.36 ± 12.34 ml/min, P = 0.174) or in LAD territory perfusion (100.95 

± 10.49 ml/min vs 100.17 ± 11.03 ml/min, P = 0.061). 

Table 5.13 BIMA configuration flow outcomes 
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5.4.5.2 Comparison of proximal connection of RIMA or RA 

The comparison of the proximal connections of the RIMA and radial arteries is shown in Table 

5.14. Free RIMA grafts arising off the aorta showed statistically significantly more flow when 

compared with in situ RIMA grafts (44.18 ± 13.16 ml/min vs 39.33 ± 11.69 ml/min, P = 0.005) 

at a lower PI (1.13 ± 0.43 vs 1.36 ± 0.43, P = 0.048) and this corresponded to increased territory 

perfusion (75.62 ± 6.53 ml/min vs 72.25 ± 5.77 ml/min, P = 0.017). There was no difference 

in PI or perfusion to the CIRC territory between an in situ proximal connection of the RIMA 

and a Y-graft proximal connection of the RIMA off the LIMA, but a difference in mean graft 

flows (35.61 ± 9.98 ml/min vs 31.51 ± 11.15 ml/min, P = 0.049). Free radial artery grafts off 

the aorta had more graft flows compared with Y-grafts off the IMA for both the right-sided 

targets (46.35 ± 13.84 ml/min vs 41.44 ± 13.20 ml/min, P = 0.008) and left-sided targets (46.87 

± 10.91 ml/min vs 37.35 ± 12.95 ml/min, P = 0.007), a trend for lower PI for the right-sided 

targets (1.32 ± 0.45 vs 1.50 ± 0.57, P = 0.095) and left sided targets (1.73 ± 0.60 vs 2.61 ± 1.37, 

P = 0.067) as well as better territory perfusion for both the right-sided targets (77.11 ± 7.05 

ml/min vs 73.92 ± 5.88 ml/min, P = 0.011) and left-sided targets (78.39 ± 11.52 ml/min vs 

73.91 ± 10.93 ml/min, P = 0.001).  

Table 5.14 Proximal connection of RIMA or RA 
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5.4.5.3 Comparison of sequential grafts 

The comparison of grafting configurations utilising sequential grafts is shown in Table 5.15. 

As expected, with an anticlockwise I-graft arrangement, there was significantly more common 

graft flow prior to the RCA target (55.69 ± 12.63 ml/min vs 33.19 ± 11.85 ml/min, P = 0.024) 

and with a clockwise I-graft arrangement there was significantly more common graft flow prior 

the CIRC target (53.18 ± 15.28 ml/min vs 21.93 ± 13.95 ml/min, P = 0.012). For the clockwise 

arrangement, this led to a trend for less individual graft flow than if a separate graft to the CIRC 

was performed (19.99 ± 16.29 ml/min vs 35.61 ± 9.98 ml/min, P = 0.078) as well as less graft 

flow to the RCA (33.19 ± 11.85 ml/min vs 46.35 ± 13.84 ml/min, P = 0.034) and trend for less 

CIRC territory perfusion (67.82 ± 13.72 ml/min vs 72.34 ± 10.69 ml/min, P = 0.052) and RCA 

territory perfusion (68.52 ± 5.96 ml/min vs 77.11 ± 7.05 ml/min, P = 0.044). For the 

anticlockwise I-graft arrangement, the sequential graft had less individual graft flow to the 

RCA compared to a separate RCA graft (33.75 ± 13.37 ml/min vs 39.33 ± 11.69 ml/min, P = 

0.048) and less RCA perfusion (68.96 ± 4.45 ml/min vs 72.25 ± 5.77 ml/min, P = 0.037). 

 

Table 5.15 Sequential grafts comparison 
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5.4.5.4 Comparison of jump grafts 

The comparison of the jump graft configuration with separate grafts is shown in Table 5.16. 

With a jump graft arrangement there was a trend for more flow in the LIMA graft itself, but 

this was not statistically significant (42.94 ± 12.69 ml/min vs 32.16 ± 9.52 ml/min, P = 0.110). 

However, this increased flow did not translate to increased myocardial perfusion to the LAD, 

rather there was a tendency for less perfusion (98.20 ± 8.20 ml/min vs 101.79 ± 10.74 ml/min, 

P = 0.060). The flow was taken from the distal LAD to supply the PDA, but this graft to the 

PDA had significantly less graft flow (16.60 ± 16.23 ml/min vs 46.35 ± 13.84 ml/min, P = 

0.002) and poorer perfusion to the RCA territory (57.52 ± 6.72 ml/min vs 77.11 ± 7.05 ml/min, 

P < 0.001).  

Table 5.16 Jump grafts comparison 
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5.5 Overall surgeon study decision-making results 

 

5.5.1 Number and experience of surgeons 

There was a wide range in cardiac surgical experience amongst the cardiac surgeons who 

participated in the study (Table 5.17). 

Table 5.17 Experience of all cardiac surgeons 

Characteristic 

Surgeons 

(n = 16) 

Number of years in practice (median, range) 8.5 (1 to 30) 

Number of CABG operations in career (median, range) 875 (55 to 6100) 

Number of CABG operations per year (median, range) 75 (15 to 205) 

Number of BIMA operations per year (median, range) 13.75 (0 to 110) 

BIMA utilization rate per year (proportion, range) 

427/1365 (31.28%), 

(0% to 85%) 

Number of surgeons performing more than 25 BIMA 

operations per year (proportion) (high volume) 4/16 (25%) 

Number of surgeons performing less than 1 BIMA operation 

per year (proportion) 3/16 (18.75%) 

Utilisation rate in high volume BIMA surgeons (proportion, 

range) 315/590 (53.39%), (35.48% to 85%) 

Utilisation rate in other lower volume BIMA surgeons 

(proportion, range) 

112/775 (14.45%), 

(0% to 25%) 

 

 

5.5.2 Distribution of preferred configurations selected 

Each of the surgeons selected one preferred aortic configuration and one preferred anaortic 

configuration for each of the five patients presented. Across the 16 surgeons participating in 

the study, this led to a total of 160 preferred configuration selections of which 80 were for 

aortic strategies and 80 were for anaortic strategies. Selections were made before and after the 

surgeon was presented with the predictive hemodynamic flow data from the computer model, 

resulting in a grand total of 320 preferred configurations selected. The most common aortic 

grafting strategy selected with the standard method of decision-making was configuration 3 

(62.5%), whereas the most common anaortic strategy was configuration 5 (71.25%). In terms 

of the least popular grafting arrangements, no surgeons chose configurations 7 or 12 and few 

selected configurations 9 or 11 (Table 5.18). 

 

 



164 5.5 Overall surgeon study decision-making results 

___________________________________________________________________________ 

 

 

Table 5.18 Selected graft configurations with standard and computer informed strategies 

  

Standard 

(n = 80) 

Computer 

(n = 80) 

P-value 

Preferred Aortic Configuration    

Configuration 1 12/80 (15%) 9/80 (11.25%) 0.641 

Configuration 2 10/80 (12.5%) 13/80 (16.25%) 0.653 

Configuration 3 50/80 (62.5%) 47/80 (58.75%) 0.746 

Configuration 4 8/80 (10%) 11/80 (13.75%) 0.626 

 Totals 80/80 (100%) 80/80 (100%)  

    

Preferred Anaortic Configuration    

Configuration 5 57/80 (71.25%) 41/80 (51.25%) 0.015 

Configuration 6 2/80 (2.5%) 17/80 (21.25%) < 0.001 

Configuration 7 0/80 (0%) 0/80 (0%) 1 

Configuration 8 11/80 (13.75%) 8/80 (10%) 0.626 

Configuration 9 0/80 (0%) 2/80 (2.5%) 0.497 

Configuration 10 10/80 (12.5%) 10/80 (12.5%) 1 

Configuration 11 0/80 (0%) 2/80 (2.5%) 0.497 

Configuration 12 0/80 (0%) 0/80 (0%) 1 

Totals 80/80 (100%) 80/80 (100%)  

 

When given the choice between a preference for an aortic or anaortic strategy if both were 

possible for an individual patient with the standard decision-making, 77.5% (62/80) of the time 

an aortic strategy was chosen. 50% (6/12) of the surgeons chose at least one anaortic strategy 

among the five patients in preference to an aortic configuration. 

 

5.5.3 Impact of computational models on surgeon decision-making 

 

5.5.3.1 Selection of unsatisfactory grafting configurations 

For aortic configurations the existing method of decision-making led to the selection of 

unsatisfactory grafting configurations in a minority of cases (5%) but in a higher proportion of 

cases for anaortic configurations (21.25%). However, the computer-informed surgeon chose 

significantly less unsatisfactory grafting configurations (1.25% vs 21.25%, P < 0.001) (Table 

5.19). 
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Table 5.19 Unsatisfactory grafting configurations selected  

  

Standard 

(n = 80) 

Computer 

(n = 80) 

P-value 

Unsatisfactory Grafting Configurations Selected    

Aortic 4/80 (5%) 0/80 (0%) 0.641 

Anaortic  17/80 (21.25%) 1/80 (1.25%) < 0.001 

 

The standard decision-making by surgeons was adequate with 14 out of 16 surgeons (87.5%) 

choosing a satisfactory aortic grafting configuration for all of the five patients, whilst only 2 

out of 16 surgeons (12.5%) were able to choose a satisfactory anaortic grafting configuration 

for all five patients. Following the computational model data, all 16 surgeons chose a 

satisfactory aortic grafting configuration for all 5 patients (100%) while 15 out of 16 surgeons 

chose a satisfactory anaortic grafting configuration for all 5 patients (93.75%) (Table 5.20). 

Table 5.20 Number of surgeons selecting unsatisfactory grafting configurations  

Characteristic 

Standard  

(n = 16) 

Computer  

(n = 16) 

P-value 

Unsatisfactory Aortic Grafting Configurations (no.) 2 /16 (12.5%)  0/16 (0%) 0.484 

Unsatisfactory Anaortic Grafting Configurations (no.) 14/16 (87.5%)  1/16 (6.25%) < 0.001 

 

To answer the primary research question “Is the computer model effective in changing the 

surgeon’s selection of an unsatisfactory grafting strategy using either aortic or anaortic 

configurations?”, McNemar’s test was used for the primary outcome measure of selection of 

an unsatisfactory grafting configuration. The number of surgeons that changed from choosing 

at least one unsatisfactory grafting configuration to having no unsatisfactory grafting 

configurations was significant by McNemar’s test for anaortic configurations but not for aortic 

configurations (Table 5.21 and Table 5.22). 

Table 5.21 McNemar’s test for unsatisfactory aortic grafting configurations 

 

Computer: Unsatisfactory 

Grafting Configurations 

(no.) 

Computer: Satisfactory 

Grafting Configurations 

(no.) 

Standard: Unsatisfactory 

Grafting Configurations (no.) 0 2 

Standard: Satisfactory Grafting 

Configurations (no.) 0 14 

P = 0.480 
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Table 5.22 McNemar’s test for unsatisfactory anaortic grafting configurations 

 

Computer: Unsatisfactory 

Grafting Configurations 

(no.) 

Computer: Satisfactory 

Grafting Configurations 

(no.) 

Standard: Unsatisfactory 

Grafting Configurations (no.) 1 13 

Standard: Satisfactory 

Grafting Configurations (no.) 0 2 

P < 0.001 

Therefore, the primary outcome measure determined that the computer model was influential 

in decreasing the number of unsatisfactory grafting configurations selected by surgeons for 

anaortic but not aortic configurations. 

 

5.5.3.2 Selection of optimal grafting configurations 

Without advanced knowledge of the computational model’s predefined definition of an 

“optimal” grafting configuration (Equation (4.68)) the existing standard method of surgeon 

decision-making resulted in the selection of the “optimal” grafting configuration for aortic 

configurations in the majority of cases (65%). For anaortic configurations the existing method 

of standard decision-making led to the selection of the “optimal” grafting configuration in a 

minority of cases (6.25%). However, the computer-informed surgeons were able to increase 

this selection of “optimal” configurations significantly for anaortic configurations (6.25% to 

28.75%, P < 0.001) (Table 5.23). 

 

Table 5.23 Optimal grafting configurations selected 

  

Standard 

(n = 80) 

Computer 

(n = 80) 

P-value 

Optimal Grafting Configurations Selected    

Aortic 52/80 (65%) 49/80 (61.25%) 0.743 

Anaortic  5/80 (6.25%) 23/80 (28.75%) < 0.001 

 

For aortic configurations, 12/16 surgeons chose at least one optimal grafting configuration for 

any of the five patients while after viewing the computer model data, 15/16 surgeons were able 

to choose at least one optimal grafting configuration for any of the five patients. For the anaortic 

configurations, 3/16 surgeons chose at least one optimal grafting configuration for any of the 
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five patients. Following the computer model data, 10/16 surgeons chose at least one optimal 

grafting configuration for any of the five patients. For each individual surgeon, the number of 

surgeons that changed from choosing no optimal grafting configurations to having at least one 

optimal grafting configuration was not significant by McNemar’s test for aortic configurations 

but significant for anaortic configurations (Table 5.24 and Table 5.25). 

 

Table 5.24 McNemar’s test for optimal aortic grafting configurations 

 

Computer: Optimal Grafting 

Configurations (no.) 

Computer: No Optimal 

Grafting Configurations 

(no.) 

Standard: Optimal Grafting 

Configurations (no.) 12 0 

Standard: No Optimal Grafting 

Configurations (no.) 3 1 

P = 0.248 

 

Table 5.25 McNemar’s test for optimal anaortic grafting configurations 

 

Computer: Optimal Grafting 

Configurations (no.) 

Computer: No Optimal 

Grafting Configurations 

(no.) 

Standard: Optimal Grafting 

Configurations (no.) 2 1 

Standard: No Optimal Grafting 

Configurations (no.) 8 5 

P = 0.046 

 

5.5.3.3 Selection of unique grafting configurations 

For aortic configurations the existing method of decision-making led to the selection of few 

unique configurations. Only 4/16 surgeons chose more than one different aortic configuration 

for the 5 patients, whereas the other 12/16 surgeons chose the exact same configuration for 

each of the 5 patients. Following the computer model data, 6/16 surgeons chose more than one 

alternative configuration for the five patients. For anaortic configurations, only 2/16 surgeons 

chose more than one different configuration for the 5 patients. Following the computer model 

data, this increased to 14/16 surgeons choosing more than one different configuration for the 

five patients (Table 5.26). 
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Table 5.26 Unique grafting configurations selected 

  

Standard 

(n = 16) 

Computer 

(n = 16) 

P-value 

Unique Grafting Configurations Selected    

Aortic 4/16 (25%) 6/16 (37.5%) 0.704 

Anaortic  2/16 (12.5%) 14/16 (87.5%) < 0.001 

 

For each individual surgeon, the number of surgeons that changed from choosing no unique 

grafting configurations to having at least one unique grafting configuration across the 5 patients 

was not significant by McNemar’s test for aortic configurations but was significant for anaortic 

configurations. This can be interpreted as surgeons making more patient-specific decisions for 

anaortic configurations after being presented with the predictive computational model data 

(Table 5.27 and Table 5.28). 

 

Table 5.27 McNemar’s test for unique aortic grafting configurations 

 

Computer: Unique Grafting 

Configurations (no.) 

Computer: No Unique 

Grafting Configurations 

(no.) 

Standard: Unique Grafting 

Configurations (no.) 1 3 

Standard: No Unique Grafting 

Configurations (no.) 5 7 

P = 0.724 

 

Table 5.28 McNemar’s test for unique anaortic grafting configurations 

 

Computer: Unique Grafting 

Configurations (no.) 

Computer: No Unique 

Grafting Configurations 

(no.) 

Standard: Unique Grafting 

Configurations (no.) 2 0 

Standard: No Unique Grafting 

Configurations (no.) 12 2 

P = 0.002 
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5.5.3.4 Selection of previously rejected grafting configurations 

The influence of the computer model was also noted by recording the number of previously 

declined configurations. 8/16 surgeons (50%) used a configuration after reviewing the 

computational model data which they earlier stated that they would not use. 

 

5.5.3.5 Selection ranking changes from additional myocardial perfusion 

data 

The numbers of rankings changed with the addition of regional myocardial perfusion data to 

the graft performance parameters was noted for each surgeons’ top 5 ranked selections for each 

patient.  9/16 surgeons (56.25%) changed the order of their top five ranking preferences for 

each patient’s configuration, indicating the difference in synthesis of the additional myocardial 

perfusion data. 

 

5.5.3.6 Patient-specific flow outcomes from selected grafting 

configurations 

There was no significant difference in the total graft flows, LAD graft flows, mean LAD graft 

PI, total myocardial perfusion and LAD territory perfusion for any aortic configurations as a 

result of the computational model data (Table 5.29). 
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Table 5.29 Aortic graft configuration selection flow outcomes 

Characteristic Standard Computer P-value 

PATIENT A 
   

Total Graft Flows (ml/min, mean ± SD) 131.27 ± 2.69 130.70 ± 3.12 0.282 

LAD Graft Flows (ml/min, mean ± SD) 20.87 ± 1.32 20.63 ± 1.54 0.335 

LAD Graft PI (mean ± SD) 1.35 ± 0.09 1.36 ± 0.10 0.333 

Total Myocardial Perfusion (ml/min, mean ± SD) 256.08 ± 1.46 255.82 ± 1.72 0.343 

LAD Territory (ml/min, mean ± SD) 107.17 ± 0.50 107.08 ± 0.58 0.33 

PATIENT B 
   

Total Graft Flows (ml/min, mean ± SD) 131.27 ± 2.69 132.07 ± 0.57 0.288 

LAD Graft Flows (ml/min, mean ± SD) 20.87 ± 1.32 21.30 ± 0.36 0.225 

LAD Graft PI (mean ± SD) 1.35 ± 0.09 1.32 ± 0.05 0.352 

Total Myocardial Perfusion (ml/min, mean ± SD) 256.08 ± 1.46 256.63 ± 0.16 0.139 

LAD Territory (ml/min, mean ± SD) 107.17 ± 0.50 107.33 ± 0.13 0.229 

PATIENT C 
   

Total Graft Flows (ml/min, mean ± SD) 101.36 ± 8.49 101.03 ± 7.92 0.887 

LAD Graft Flows (ml/min, mean ± SD) 29.96 ± 1.98 30.12 ± 1.80 0.761 

LAD Graft PI (mean ± SD) 1.43 ± 0.03 1.44 ± 0.04 0.27 

Total Myocardial Perfusion (ml/min, mean ± SD) 257.67 ± 3.49 257.56 ± 3.23 0.911 

LAD Territory (ml/min, mean ± SD) 92.45 ± 0.78 92.51 ± 0.71 0.784 

PATIENT D 
   

Total Graft Flows (ml/min, mean ± SD) 129.52 ± 5.93 127.98 ± 6.71 0.236 

LAD Graft Flows (ml/min, mean ± SD) 41.95 ± 1.39 41.56 ± 1.63 0.178 

LAD Graft PI (mean ± SD) 1.07 ± 0.04 1.07 ± 0.05 0.868 

Total Myocardial Perfusion (ml/min, mean ± SD) 257.19 ± 2.18 256.66 ± 2.51 0.231 

LAD Territory (ml/min, mean ± SD) 101.02 ± 0.97 100.74 ± 1.11 0.186 

PATIENT E 
   

Total Graft Flows (ml/min, mean ± SD) 101.59 ± 5.29 103.54 ± 0.96 0.171 

LAD Graft Flows (ml/min, mean ± SD) 22.34 ± 4.66 24.05 ± 1.16 0.178 

LAD Graft PI (mean ± SD) 3.52 ± 1.40 3.01 ± 0.08 0.165 

Total Myocardial Perfusion (ml/min, mean ± SD) 241.37 ± 2.79 242.53 ± 1.86 0.146 

LAD Territory (ml/min, mean ± SD) 90.52 ± 0.62 90.75 ± 0.15 0.176 

 

For anaortic configurations, there was no significant difference in the total graft flows, LAD 

graft flows, mean LAD graft PI, total myocardial perfusion and LAD territory perfusion for 

Patients B, C and D, resulting from the computational model data. However, there was a 

significant difference for Patient A with less total graft flows (122.56 ± 5.56 ml/min vs 127.05 

± 8.58 ml/min, P = 0.026) but increased LAD graft flows (18.54 ± 2.04 ml/min vs 17.26 ± 1.93 

ml/min, P = 0.048) and slightly increased LAD territory flows (106.28 ± 0.73 ml/min vs 105.79 

± 0.73 ml/min, P = 0.048). For Patient E, where there was a hemodynamically less significant 

90% LAD stenosis with iFR = 0.93, there was a significant increase with the computer-
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informed surgeon for total graft flows (95.51 ± 9.09 ml/min vs 85.77 ± 3.94 ml/min, P < 0.001) 

and LAD graft flows (22.75 ± 4.09 ml/min vs 11.18 ± 5.32 ml/min, P < 0.001) with  lower LAD 

graft PI (3.47 ± 1.38 vs 8.09 ± 2.23, P < 0.001) but decreased total myocardial perfusion 

(231.86 ± 3.65 ml/min vs 234.99 ± 4.59 ml/min, P = 0.027) yet increased LAD territory 

perfusion (90.18 ± 0.71 ml/min vs 89.04 ± 0.71 ml/min, P = 0.008) (Table 5.30).  

Table 5.30 Anaortic graft configuration selection flow outcomes 

Characteristic Standard  Computer  P-value 

PATIENT A 
   

Total Graft Flows (ml/min, mean ± SD) 127.05 ± 8.58 122.56 ± 5.56 0.026 

LAD Graft Flows (ml/min, mean ± SD) 17.26 ± 1.93 18.54 ± 2.04 0.048 

LAD Graft PI (mean ± SD) 1.60 ± 0.12 1.54 ± 0.17 0.251 

Total Myocardial Perfusion (ml/min, mean ± SD) 242.64 ± 

10.58 

247.53 ± 5.29 0.081 

LAD Territory (ml/min, mean ± SD) 105.79 ± 0.73 106.28 ± 0.73 0.048 

PATIENT B 
   

Total Graft Flows (ml/min, mean ± SD) 126.14 ± 8.31 127.49 ± 9.24 0.629 

LAD Graft Flows (ml/min, mean ± SD) 17.42 ± 1.80 17.69 ± 2.06 0.623 

LAD Graft PI (mean ± SD) 1.60 ± 0.12 1.58 ± 0.14 0.582 

Total Myocardial Perfusion (ml/min, mean ± SD) 244.05 ± 9.83 242.72 ± 10.46 0.677 

LAD Territory (ml/min, mean ± SD) 105.85 ± 0.68 105.96 ± 0.68 0.619 

PATIENT C 
   

Total Graft Flows (ml/min, mean ± SD) 93.03 ± 2.05 93.84 ± 2.26 0.232 

LAD Graft Flows (ml/min, mean ± SD) 26.85 ± 2.23 26.69 ± 2.33 0.817 

LAD Graft PI (mean ± SD) 1.48 ± 0.03 1.48 ± 0.03 0.504 

Total Myocardial Perfusion (ml/min, mean ± SD) 252.58 ± 3.48 251.62 ± 4.65 0.295 

LAD Territory (ml/min, mean ± SD) 91.24 ± 0.83 91.17 ± 0.83 0.793 

PATIENT D 
   

Total Graft Flows (ml/min, mean ± SD) 116.10 ± 5.34 115.51 ± 3.89 0.578 

LAD Graft Flows (ml/min, mean ± SD) 38.75 ± 2.35 39.38 ± 2.73 0.354 

LAD Graft PI (mean ± SD) 1.04 ± 0.01 1.04 ± 0.02 0.245 

Total Myocardial Perfusion (ml/min, mean ± SD) 247.48 ± 5.03 248.29 ± 5.05 0.126 

LAD Territory (ml/min, mean ± SD) 98.90 ± 0.94 99.16 ± 0.94 0.271 

PATIENT E 
   

Total Graft Flows (ml/min, mean ± SD) 85.77 ± 3.94 95.51 ± 9.09 < 0.001 

LAD Graft Flows (ml/min, mean ± SD) 11.18 ± 5.32 22.75 ± 4.09 < 0.001 

LAD Graft PI (mean ± SD) 8.09 ± 2.23 3.47 ± 1.38 < 0.001 

Total Myocardial Perfusion (ml/min, mean ± SD) 234.99 ± 4.59 231.86 ± 3.65 0.027 

LAD Territory (ml/min, mean ± SD) 89.04 ± 0.71 90.18 ± 0.71 0.008 
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5.6 Expert-novice subgroup study decision-making results 

 

5.6.1 Number and experience of surgeons  

The experience of surgeons was used as a metric to divide the cohort into the two groups: 

experts and novices, where performance was compared using the Mann-Whitney U-test. As 

expected, the median and range for the number of years of practice, the number of CABG 

operations performed in their career and the number of BIMA operations currently performed 

per year was significantly higher for experts (Table 5.31). 

Table 5.31 Experience of expert and novice cardiac surgeons 

Characteristic 

Expert 

(n = 8) 

Novice 

(n = 8) 

P-value 

Number of years in practice (median, range) 19 (12 to 30) 1.5 (1 to 5) < 0.001 

Number of CABG operations in career (median, 

range) 

2475 (1150 to 

6100) 100 (55 to 600) 

 

< 0.001 

Number of BIMA operations per year 

(median, range) 40 (1 to 110) 6.75 (0 to 12.5) 

 

0.010 

BIMA utilization rate per year (proportion, 

range) 

371/910 (40.77%) 

(1.54% to 85%) 

56/455 (12.30%) 

(0% to 25%) < 0.001 

Number of surgeons performing > 25 BIMA 

operations per year (proportion) (high volume) 4/8 (50%) 0/8 (0%) 0.025 

Number of surgeons performing ≤1 BIMA 

operation per year (proportion) 1/8 (12.5%) 2/8 (25%) 0.535 

BIMA utilisation rate in other lower volume 

surgeons (proportion, range) 

56/320 (17.5%) 

(1.54% to 33.33%) 

56/455 (12.30%) 

(0% to 25%) 0.043 

 

 

5.6.2 Distribution of configurations selected 

 

5.6.2.1 Standard decision-making 

For their standard decision-making, experts were more likely to choose aortic configuration 1 

(25% vs 5%, P = 0.025) and aortic configuration 4 (20% vs 0%, P = 0.005) compared to the 

novices. These two configurations included a Y-graft as well as a RIMA crossing the midline 

to the LAD, respectively. Novices were more likely than experts to choose aortic configuration 

3, which used separate grafts (82.5% vs 42.5%, P < 0.001). For anaortic configurations, experts 

were more likely to choose configuration 10 compared to novices (25% vs 0%, P = 0.001) 

(Table 5.32). 
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Table 5.32 Graft configuration by experience standard decision-making 

  

Expert 

(n = 8) 

Novice 

(n = 8) 

P-value 

Preferred Aortic Configuration      

Configuration 1 10/40 (25%) 2/40 (5%) 0.025 

Configuration 2 5/40 (12.5%) 5/40 (12.5%) 1 

Configuration 3 17/40 (42.5%) 33/40 (82.5%) < 0.001 

Configuration 4 8/40 (20%) 0/40 (0%) 0.005 

     

Preferred Anaortic Configuration    

Configuration 5 25/40 (62.5%) 32/40 (80%) 0.137 

Configuration 6 0/40 (0%) 2/40 (5%) 0.494 

Configuration 7 0/40 (0%) 0/40 (0%) 1 

Configuration 8 5/40 (12.5%) 6/40 (15%) 1 

Configuration 9 0/40 (0%) 0/40 (0%) 1 

Configuration 10 10/40 (25%) 0/40 (0%) 0.001 

Configuration 11 0/40 (0%) 0/40 (0%) 1 

Configuration 12 0/40 (0%) 0/40 (0%) 1 

 

 

5.6.2.2 Computer modelling informed decision-making 

Following the computer modelling information, expert surgeons were more likely to choose 

aortic configuration 4 compared to novices (25% vs 2.5%, P = 0.007) and anaortic configuration 

5 (65% vs 37.5%, P = 0.002), while novices were more likely to choose anaortic configuration 

6 compared to experts (37.5% vs 5%, P < 0.001) (Table 5.33). 
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Table 5.33 Graft configuration by experience computer-informed decision-making 

  

Expert 

(n = 8) 

Novice 

(n = 8) 

P-value 

Preferred Aortic Configuration    

Configuration 1 6/40 (15%) 3/40 (7.5%) 0.481 

Configuration 2 5/40 (12.5%) 8/40 (20%) 0.549 

Configuration 3 19/40 (47.5%) 28/40 (70%) 0.069 

Configuration 4 10/40 (25%) 1/40 (2.5%) 0.007 

     

Preferred Anaortic Configuration    

Configuration 5 26/40 (65%) 15/40 (37.5%) 0.002 

Configuration 6 2/40 (5%) 15/40 (37.5%) < 0.001 

Configuration 7 0/40 (0%) 0/40 (0%) 1 

Configuration 8 3/40 (7.5%) 5/40 (12.5%) 0.712 

Configuration 9 1/40 (2.5%) 1/40 (2.5%) 1 

Configuration 10 6/40 (15%) 4/40 (10%) 0.737 

Configuration 11 2/40 (5%) 0/40 (0%) 0.494 

Configuration 12 0/40 (0%) 0/40 (0%) 1 

 

 

5.6.3 Impact of computational models on selection of grafting configurations 

 

5.6.3.1 Standard decision-making 

For the existing standard method of surgeon decision-making for aortic configurations there 

was no significant differences between experts and novices in their selection of unsatisfactory 

grafting configurations (10% vs 0%, P = 0.116) or unique grafting configurations (25% vs 

25%, P = 1). However, novices were more likely than experts to select an optimal grafting 

configuration (82.5% vs 47.5%, P = 0.002) in keeping with their predilection for aortic 

configuration 3. For anaortic configurations there was no significant differences between 

experts and novices regarding selection of unsatisfactory, optimal or unique grafting strategies 

(Table 5.34). 
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Table 5.34 Selection of grafting configurations (standard) 

Characteristic 

Expert 

(n = 8) 

Novice 

(n = 8) 

P-value 

AORTIC    

Unsatisfactory grafting configurations selected (no. total) 4/40 (10%) 0/40 (0%) 0.116 

Optimal grafting configurations selected (no. total) 19/40 (47.5%) 33/40 (82.5%) 0.002 

Unique grafting configurations selected (no. surgeons) 2/8 (25%) 2/8 (25%) 1 

    

ANAORTIC    

Unsatisfactory grafting configurations selected (no. total) 7/40 (17.5%) 10/40 (25%) 0.586 

Optimal grafting configurations selected (no. total) 4/40 (10%) 1/40 (2.5%) 0.359 

Unique grafting configurations selected (no. surgeons) 0/8 (0%) 2/8 (25%) 0.467 

 

5.6.3.2 Computer modelling informed decision-making 

Following the computational models’ predictive information, the experts and novices were no 

different for aortic configurations in their selection of unsatisfactory, optimal and unique 

grafting configurations. However, for anaortic configurations, the novices were better than 

experts at selecting the optimal grafting configuration (47.5% vs 10%, P < 0.001). They were 

also more likely than experts to choose previously declined grafting configurations (36.54% vs 

2.63%, P < 0.001). Furthermore, the novices were more likely to synthesise additional 

information provided by myocardial perfusion data in addition to graft flow data as evidence 

by the number of surgeons who changed their top 5 ranked configurations for each patient 

(45% vs 6.25%, P < 0.001) (Table 5.35). 
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Table 5.35 Selection of grafting configurations (computer-informed) 

Characteristic 

Expert 

(n = 8) 

Novice 

(n = 8) 

P-value 

AORTIC    

Unsatisfactory grafting configurations selected (no. total) 0/40 (0%) 0/40 (0%) 1 

Optimal grafting configurations selected (no. total) 21/40 (52.5%) 28/40 (70%) 0.168 

Unique grafting configurations selected (no. surgeons) 2/8 (25%) 4/8 (50%) 0.638 

    

ANAORTIC    

Unsatisfactory grafting configurations selected (no. total) 1/40 (2.5%) 0/40 (0%) 1 

Optimal grafting configurations selected (no. total) 4/40 (10%) 19/40 (47.5%) < 0.001 

Unique grafting configurations selected (no. surgeons) 6/8 (75%) 8/8 (100%) 0.467 

    

ALL CONFIGURATIONS    

Number of configurations declined amongst all surgeons 

out of 12 configurations 

38/192 

(19.79%) 

52/192 

(27.08%) 

0.117 

Previously rejected grafting configurations selected 1/38 (2.63%) 19/52 (36.54%) < 0.001 

Median number of configurations declined out of 12 

(range) 5 (1 to 9) 7 (4 to 7) 

0.373 

Ranking changes with additional myocardial perfusion 

data for number of patients 5/80 (6.25%) 36/80 (45%) 

 

<0.001 

 

5.7 Summary 

This results chapter presented the following findings: the 1D-0D computational modelling of 

the 5 patient-specific coronary artery networks and 12 grafting configurations; the accuracy of 

the computational models which was verified and validated by comparing with results in the 

published literature from other 3D computational models and patient data; the performance of 

individual grafting configurations were patient-specific, rather than a “one size fits all 

approach” with anaortic configurations being prone to more unsatisfactory graft performance; 

the proximal connection of grafts onto the aorta led to higher graft flows; the order of sequential 

grafts was important; the use of jump grafts from the distal LAD to PDA led to poor RCA 

territory perfusion; the use of the predictive computational models led to a statistically 

significant decrease in the selection of unsatisfactory grafting configurations and increase in 

selection of optimal grafting configurations by surgeons for anaortic but not aortic grafting 

strategies; the use of the computational models also led to an increase in patient-specific 

tailoring of grafting configurations between the 5 different patients; novices were more likely 

to select an optimal grafting configuration compared with experts under the influence of the 

computer models and also use grafting configurations they would not usually use. In the 

following chapter these results are discussed in the context of the existing literature.
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Chapter 6: Discussion  

 

6.1 Introduction 

This chapter commences with a discussion regarding the overarching study design undertaken 

in this thesis. Comparisons are made with the published literature regarding the chosen 

computational modelling methodology as well as the selection of patient cases, graft 

configurations and surgeons for the study. The predictive hemodynamic flows obtained by 

comparing broad types of arterial grafting configurations are discussed in light of previous 

studies. These comparisons are used to highlight the methodological limitations in a 

configuration-specific approach compared to a strict patient-specific approach when analysing 

grafting strategies. This review is followed by a discourse on the nature and quality of the 

existing standard decision-making by cardiac surgeons in selecting total arterial grafting 

configurations and the influence of computer modelling. Limitations of the conclusions of the 

study are contextualised by considering the assumptions embedded within the computational 

modelling framework, the patient cases and the approach taken with the surgeons and future 

directions are suggested. This discussion chapter concludes with a summary of the findings 

from the research and the significance of these findings. 

 

6.2 Overall research study design 

 

6.2.1 Complexity of computational modelling 

Previous research studies have employed a variety of computational models to investigate 

coronary artery bypass grafting strategies. These have varied in complexity from simpler 0D 

lumped parameter models (Pietrabissa, Mantero et al. 1996, Mao, Feng et al. 2019) to more 

sophisticated multi-scale 3D-0D models (Sankaran, Moghadam et al. 2012, Wang, Mao et al. 

2016). A significant limitation of models employing only a lumped parameter approach is the 

oversimplification in representing wave propagation along the larger vessels (Duanmu, Yin et 

al. 2018), however, their advantage over 3D models is their relative computational efficiency 

and ease of implementation. Many of the studies that have utilised 3D models of CABG 

configurations have used open-source software such as ANSYS/FLUENT (Matsuura, Jin et al. 

2019, Laohasurayodhin, Diloksumpan et al. 2014, Wang, Mao et al. 2016) or OpenFOAM  
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(Rezaeimoghaddam, Oguz et al. 2020) for implementation. In addition to calculating mean 

graft flows, these 3D models have also calculated hemodynamic stresses in the coronary 

circulation such as WSS and OSI which influence long-term graft patency (Ghista, 

Kabinejadian 2013). Because of these focii, these research studies have tended to study 

saphenous vein grafts, sequential grafts and grafting angles as outcomes of interest for long-

term patency (Wang, Mao et al. 2016, Kabinejadian, Chua et al. 2010, Rezaeimoghaddam, 

Oguz et al. 2020). However, in practical terms grafting angle is not particularly easy for a 

cardiac surgeon to control while WSS and OSI are markers for long-term patency that cannot 

be easily measured in real-time by a surgeon.  

 

In this research, a novel multi-scale 1D-0D lumped parameter patient-specific computational 

model was developed using a new standalone Python package called “COMCAB” created for 

this purpose. This model was anatomically and physiologically accurate and able to predict 

flows from a variety of virtual CABG configurations. The model focussed on returning 

parameters such as MGF and PI which most cardiac surgeons are familiar with as they can be 

measured intraoperatively using the TTFM technology which has been advocated for routine 

use (Sousa-Uva, Neumann et al. 2019). Low MGF and high PI can indicate competitive flows 

or poor native coronary run-off affecting the short-term patency of the graft as confirmed on 

clinical angiographic follow-up (Jelenc, Jelenc et al. 2014, Di Giammarco, Pano et al. 2006). 

For this reason, vessel flows are still the key hemodynamic indicator for the immediate benefit 

of a procedure, before a whole host of other modulating factors come into play in the longer-

term which include hemodynamic stresses such as WSS or OSI that may lead to endothelial 

dysfunction (Zhao, Liu et al. 2016).  

 

Other 1D-0D models of the coronary circulation that have been reported in the literature have 

been limited to either non-diseased or stenotic coronary circulations (Huo and Kassab 2007, 

Mynard, Penny et al. 2014, Carson, Roobottom et al. 2019). Therefore, the treatment of grafting 

junctions using a 1D rather than 3D CFD approach was a novel feature in this work. The 

computational model in this study utilised the aortic root beyond the aortic valve as the single 

inlet for the whole network. This enabled the proximal and distal connections of all bypass 

grafts to be modelled by including the important systemic aortic branches. Other authors have 

selectively modelled the distal connections of bypass grafts (Song, Sato et al. 2000, Bertolotti, 
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Deplano et al. 2001) or used separate isolated inlets for the left coronary artery, right coronary 

artery and aorto-coronary bypass grafts (Sankaranarayanan, Chua et al. 2005). 

 

In the computational modelling used for this study, the 0D lumped parameter terminal outlets 

in the coronary circulation that were connected to the 1D vessels were a 3WK RCR with 

personalised boundary conditions dictated by the patient-specific coronary geometry. Other 

studies in the literature have employed more detailed 5-element RCRCR models (Smith, Pullan 

et al. 2002, Updegrove, Wilson et al. 2017) or even multi-compartmental RCRCR models 

(Mynard, Penny et al. 2014). However, the use of a 3WK RCR model was found to be sufficient 

in capturing the essential pressure and flow waveforms throughout the coronary circulation. 

Furthermore, this approach avoided the computationally intensive cost of using a 5-element 

RCRCR model for assigning resistance and capacitance parameters (Smith, Pullan et al. 2002) 

or the cumbersome parameter fitting involved in trial-and-error (Updegrove, Wilson et al. 

2017). The systemic aortic branch outlets have been represented in most studies with a 3WK 

RCR, however, they have differed in their assignment of the proximal and distal resistances by 

using different set ratios such as 𝑅1 being 9% of the total lumped resistance (Updegrove, 

Wilson et al. 2017) or 5.6% of the total lumped resistance (Bonfanti, Franzetti et al. 2019). 

This set ratio approach does not consider the premature truncation of vessels and thus setting 

the proximal resistance at the characteristic impedance avoided unnecessary reflections, as 

described by others (Alastruey, Parker et al. 2008, Mynard, Kondiboyina et al. 2020).  

 

In this research iFR was applied as the measure for functional significance of stenoses as it 

obviated the need to run each simulation network at hyperemia to calculate FFR. Hyperemic 

simulations would require prescription of a new inlet pressure boundary condition at the root 

vessel of the network, as the aortic root pressure is significantly lower in such conditions 

(Carson, Roobottom et al. 2019). Furthermore, additional parameterisation for each terminal 

RCR would be required to account for the decreased resistance at hyperemia. Previous 

computational models have used a coronary flow reserve value of 2.6 (Blanco, Bulant et al. 

2018), however this neglects the patient-specific nature of coronary flow reserve. iFR is 

gaining favour in clinical practice as an alternative to FFR as it can avoid the risk of adverse 

reactions to hyperemic drugs (Pencharz, Quigley et al. 2013). Furthermore, the TTFM 

measurements for grafts such as MGF and PI are performed under resting conditions, not 
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hyperemia, thereby further justifying the use of iFR over FFR in this study. However, as iFR 

is a recent concept, an equivalent FFR was also presented to the surgeons in this study on the 

basis of familiarity. The use of iFR was validated in this study by highlighting correlations 

reported in the literature describing the relationship between iFR and percentage diameter 

stenoses (Tonino, Fearon et al. 2010) as well as MGF and PI (Tolegenuly, Ordiene et al. 2020). 

Although the intention of the study was to consider only significant stenoses, Patient E had a 

90% diameter stenosis in the LAD which had a calculated iFR of 0.93. The consequence of 

this functionally moderate stenosis was manifested as a decreased MGF to the LAD at a PI > 

3 from certain grafting configurations where the competitive flow down the LAD resulted in a 

steal of flow to other limbs of the composite grafts which supplied coronary vessels with tighter 

stenoses (Appendix C, Figure C5). In fact, there are concerns in the literature regarding grafting 

any lesion with an iFR > 0.93 due to competitive flows (Härle, Bojara et al. 2015, Rivero, 

Cuesta et al. 2017).  

 

6.2.2 Complexity of patient cases and grafting configurations 

There are well-documented issues with competitive flows and string signs in arterial grafts due 

to functionally insignificant stenoses, particularly with stenoses less than 90% diameter for the 

right coronary artery and less than 70% for the left coronary artery (Hillis, Smith et al. 2011). 

After the degree of functional coronary stenosis, graft configuration is the most important 

factor that influences graft and native coronary artery flows (Glineur and Hanet 2012). As the 

emphasis of this study was on total arterial grafting, each patient case was selected such that 

stenoses were severe enough so that surgeons would not deliberately avoid using an arterial 

graft based on the percent diameter stenoses. Therefore, each patient had a greater than 90% 

diameter stenosis in the RCA territory and greater than 75% stenosis in the LAD and CIRC 

territories. Hence the focus was on how the surgeons would arrange their grafts for grafting all 

three territories when presented with differing distribution of severe stenoses between patients.  

 

The twelve grafting configurations chosen for investigation by the computational models (refer 

to Section 4.6.3) represented a mix ranging from technically simple aortic configurations to 

more complex anaortic configurations that are likely to only be used in specialised centres 

around the world by a few surgeons. The interest in using such anaortic techniques, off-pump, 

for total arterial revascularisation is based on decreasing complications such as stroke whilst 



Chapter 6: Discussion  181 

___________________________________________________________________________ 

 

maintaining the benefits of graft patency from using arterial grafts including BIMAs (Vallely, 

Edelman et al. 2013). The proponents of such techniques who prefer these over aortic 

configurations warn that significant surgical expertise is required to perform such operations 

as they can be technically more demanding (Puskas, Gaudino et al. 2019). In other 

circumstances, surgeons are constrained to using anaortic bypass graft configurations due to 

patient factors such as a porcelain aorta. 

 

Many of the previous patient-specific computational studies have limited the extent of their 

investigations of CABG configurations to only one or two patients with a few strategies being 

compared such as sequential or separate grafts (Frauenfelder, Boutsianis et al. 2007, Sankaran, 

Moghadam et al. 2012, Koyama, Itatani et al. 2014, Rezaeimoghaddam, Oguz et al. 2020). A 

more detailed study was undertaken using predictive computational models by analysing the 

grafting configurations of 10 patients who had already undergone CABG by Ballarin et al. 

(2017). Out of the 10 configurations studied, one patient had a single LIMA graft only, another 

had only a sequential LIMA graft whilst another had a LIMA graft and SVG graft. Five of their 

patients had composite grafts, but three of these patients had SVG grafts. The reduced order 

framework that was used for their computational modelling ignored many relevant coronary 

and aortic branches and concentrated on long-term graft patency parameters. This current study 

with 5 patients and 12 configurations, focussing on arterial grafts using BIMA and RA for 

severe triple vessel coronary stenoses is more comprehensive in its coverage of 60 virtual 

configurations studied amongst the patients. Furthermore, the selection of patient cases 

revealed a differing array of unsatisfactory grafting configurations, ranging from one 

unsatisfactory grafting configuration in Patients C and D to five unsatisfactory grafting 

configurations in Patients B and E. For a surgeon who might take heed of the computational 

model, there was thus a differing degree of available selections when deciding on a particular 

grafting configuration between the 5 patient cases (Table 5.11).   

 

6.2.3 Experience of surgeons 

The 16 surgeons recruited for participation in this virtual decision-making study came from 5 

different institutions and they varied considerably in their experience and use of BIMA 

configurations. The total rate of BIMA utilisation in their estimated yearly practice of CABG 

cases was 31.28% (427 out of 1365). Only 4 out of 16 surgeons performed more than 25 BIMA 
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operations per year and their rate of BIMA use was on average 53.39% (315 out of 590 

operations) with a range of 35.48% to 85%. For the other 8 surgeons, the BIMA use was only 

14.45% (112 out of 775 operations) with a range of 0% to 25%. This variability is consistent 

with the 20% utilisation of total arterial grafting in Europe, with up to 80% reported in certain 

Australian centres (Raja 2019). Three surgeons in this study would typically perform less than 

one BIMA operation per year, which is not surprising given the findings of a multi-institution 

analysis that reported an overall rate of BIMA usage at 3% (LaPar, Crosby et al. 2015). 

Nonetheless, despite their relative lack of current experience using BIMA grafting 

configurations, the study posed a hard constraint on all surgeons which forced them to select 

BIMA grafting configurations by restricting the available conduits.  

 

6.3 Configuration-specific total arterial grafting outcomes in patients 

In an attempt to find heuristics regarding the best grafting configurations, clinical studies in the 

cardiac surgery literature typically perform head-to-head comparisons of groups of patients 

who have had CABG operations with certain types of configurations. However, these 

configuration-specific studies fail to respect the patient-specific grafting requirements for 

individual patients. Specifically, such studies represent an attempt in finding a “one-size fits 

all” solution (Sankaran, Moghadam et al. 2012). The computational models in this study were 

used to calculate configuration-specific flow outcomes across the five patients which compared 

well with the literature, despite the small numbers of patients. However, the additional ability 

of the computational model to predict flow outcomes from multiple virtual configurations in 

each individual patient demonstrated the flaws in the existing paradigm. 

 

6.3.1 Comparison of BIMA configurations 

The question of the optimal in situ IMA graft to the LAD has led to a variety of clinical studies 

comparing a RIMA to LAD with a LIMA to LAD in different patients. In this research study 

of five patients, a comparison of the flow outcomes between configuration 2 which had a LIMA 

to LAD and configuration 4 which had a RIMA to LAD, revealed a slightly higher MGF in the 

LIMA graft (32.16 ± 9.52 ml/min vs 29.53 ± 8.85 ml/min, P = 0.008), at a lower PI (1.65 ± 

0.76 vs 1.78 ± 0.81, P = 0.007). The RIMA diameter was set slightly larger than that of the 

LIMA, however, the increased length of RIMA required to reach the LAD target led to an 
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increased pressure drop and thus slightly more flow in the LIMA. However, given the 

satisfactory flows achieved by both strategies, this small difference of 2.63 ml/min would not 

be clinically significant and thus the grafts could be considered interchangeable as purported 

by others (Raja, Benedetto et al. 2013, Royse, Royse et al. 2020). These findings are supported 

by the TTFM measurements in a clinical study of 410 patients undergoing OPCABG (Zhang, 

Zhao et al. 2020). The LIMA to LAD graft (n = 333) had slightly more MGF, however this 

was not statistically significant compared to the RIMA to LAD (n = 34) (29.71 ± 20.94 ml/min 

vs 29.03 ± 22.73 ml/min, P > 0.05) with no differences in PI (2.65 ± 1.01 vs 2.56 ± 0.96, 

P = 0.223). The major clinical concern with the use of a RIMA to LAD relates to the graft 

crossing the midline behind the sternum which may pose a danger for future operations 

requiring sternal re-entry. However, proponents of this grafting strategy alleviate this concern 

somewhat by covering the RIMA with thymic fat (Vallely, Edelman et al. 2013).   

 

Another important question that is of interest to surgeons regarding BIMA grafting 

configurations relates to composite grafting and whether a Y-graft off the LIMA would steal 

flow from an LAD target. This was investigated in this study by comparing configurations 1 

and 5, which had Y-grafts off the LIMA, with configurations 2 and 3, which had a separate 

LIMA to LAD graft. There was significantly more flow at the common stem of a LIMA, from 

which a Y-graft arose (61.37 ± 7.11 ml/min vs 32.10 ± 8.91 ml/min, P < 0.001). This would be 

expected as the common stem supports perfusion for both territories, instead of the single 

territory subtended by an individual separate graft. This is in keeping with the increased flows 

observed in a clinical study involving 114 patients which demonstrated a higher MGF in the 

common stem of the Y-graft compared to a separate graft (72.7 ± 19.9 ml/min vs 

48.9 ± 15.2 ml/min vs, P = 0.0001) (Onorati, Rubino et al. 2010). In the current study, when 

comparing the actual graft that attaches to the LAD, a separate LIMA to LAD graft resulted in 

more graft flow (32.10 ± 8.91 ml/min vs 26.02 ± 11.66 ml/min, P = 0.002) and perfusion to the 

LAD territory (101.86 ± 10.12 ml/min vs 100.09 ± 10.41 ml/min, P < 0.001). However, in 

clinical studies, adequate LAD perfusion and satisfactory flows with either grafting strategy 

may not translate to an observable difference in territory flows due to the even distribution of 

distal perfusion pressures in the composite graft (Glineur, Noirhomme et al. 2005). However, 

an examination of individual patient results reveals that for Patient E, configuration 1 had an 

unsatisfactory MGF in the LIMA to LAD of 10.77 ml/min and configuration 5 had 9.78 ml/min 

compared with configurations 2 and 3 with both 24.47 ml/min. Hence a Y-graft LIMA 
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configuration could compromise the short-term graft patency for the LAD graft in Patient E, 

which was masked in the configuration-specific outcomes by grouping the patients together.  

 

The concept of slightly decreased flows in the main graft distal to the take-off of the Y-graft 

was supported by comparing the flows in the LIMA to LAD which was part of a composite 

graft (configuration 1) with a separate in situ RIMA to LAD (configuration 4). This culminated 

in a trend for less flows in the composite LIMA compared to the RIMA to LAD graft (26.36 ± 

12.34 ml/min vs 29.53 ± 8.85 ml/min, P = 0.174). When CTA has been used very early after 

an operation to determine patency for various BIMA configurations, all grafts have appeared 

to be patent without any early postoperative deaths (Han, Zhang et al. 2021). However, again 

such comparisons can mask individual patient requirements. For example, in Patient B in the 

current study, the Y-graft configuration led to unsatisfactory MGF in the RIMA to OM1 (14.20 

ml/min) compared with a separate LIMA to OM1 (20.02 ml/min). For Patient E, the Y-graft 

arrangement led to an unsatisfactory MGF in the LIMA to LAD (10.77 ml/min) compared to 

the separate RIMA to LAD (21.09 ml/min). This problem with short-term graft patency could 

be a contributing factor for 2.4% of patients in a study involving 170 patients who still had 

angina at the mean short-term follow-up of 18.8 months (Neves, Guerra et al. 2015). The 

authors compared a RIMA to LAD with LIMA to CIRC branches (n = 98) and LIMA to LAD 

with Y-graft off the LIMA of the RIMA to CIRC branches (n = 72). Although it is important 

to note that this notion is speculation without formal graft patency studies. 

 

6.3.2 Comparison of proximal connection of RIMA and RA 

Clinical studies have compared the TTFM outcomes for an in situ RIMA graft versus a free 

RIMA graft off the aorta or as a Y-graft off the LIMA. In this present study comparing an in 

situ RIMA to CIRC (configuration 2) with free RIMA Y off LIMA to CIRC (configuration 1) 

demonstrated increased MGF for the in situ RIMA (35.61 ± 9.98 ml/min vs 

31.51 ± 11.15 ml/min, P = 0.049) and a trend for lower PI (2.20 ± 0.83 vs 2.62 ± 1.34, 

P = 0.137). A clinical study with subgroup analysis that compared 31 patients who had an in 

situ RIMA to a left-sided target with 23 patients who had a free RIMA to a left-sided target 

similarly found a trend for more MGF (33.4 ± 24.1 ml/min vs 28.9 ± 17.2 ml/min, P = 0.453) 

and lower PI (2.3 ± 0.6 vs 3.2 ± 3.7, P = 0.223) (Han, Zhang et al. 2021). Although the phasic 

delay between the two different origins of the RIMA is compensated by the increased pressure 
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drop from the longer length of the in situ RIMA compared with the shorter free RIMA in getting 

to the CIRC target, the steal of flows from the composite graft explains these findings. 

Unfortunately, this comparison leads to the fallacy that both techniques are satisfactory for all 

patients. In Patient B, configuration 1 led to unsatisfactory MGF in the Y RIMA to OM1 (14.20 

ml/min) whereas configuration 2 had better flows in the in situ RIMA to OM1 (19.57 ml/min), 

due to the competitive steal of flows down the other limb distal to the Y-graft. This illustrates 

the importance of considering the impact on flows down other target vessels in multi-arterial 

grafting, not just individual targets in a selected comparison. 

 

In this research study, a free RIMA taking origin off the aorta (configuration 1) resulted in 

significantly more flow to the RCA compared to an in situ RIMA to RCA (configuration 3) 

(44.18 ± 13.16 ml/min vs 39.33 ± 11.69 ml/min, P = 0.005) at a lower PI (1.13 ± 0.43 vs 1.36 

± 0.43, P = 0.048). This also corresponded to increased RCA territory perfusion (75.62 ± 6.53 

ml/min vs 72.25 ± 5.77 ml/min, P = 0.017). This finding has been supported by a prospective 

randomised study of 24 patients with > 75% stenosis in both the LAD and a CIRC branch 

demonstrating that free RIMA grafts off the aorta are able to carry more flows than other 

proximal attachments to the left-sided targets (Neragi-Miandoab, Michler et al. 2014). Grafts 

off the aorta may carry more flow than in situ grafts on account of less phasic delay due to 

shorter distance from the aortic valve and a positive pressure between the ends of the graft as 

the upstream graft pressure is close to aortic pressure (Wang, Anzai et al. 2020). Although 

some authors argue that the patency of an in situ RIMA is superior to a free RIMA (Marzouk, 

Kalavrouziotis et al. 2020), others contend that the free RIMA patency is excellent (Tatoulis, 

Buxton et al. 2011, Assi, Youssef et al. 2014). In order to maximise the patency of the RIMA 

to RCA, surgeons have advocated that the native coronary stenosis should be greater than 80% 

(Navia, Vrancic et al. 2016).  

 

Similarly, the most favourable proximal connection of a radial artery graft has been a subject 

of deliberation. In this study, free radial artery grafts off the aorta had more graft flows 

compared with Y-grafts off an IMA for both the right-sided targets (46.35 ± 13.84 ml/min vs 

41.44 ± 13.20 ml/min, P = 0.008) and left-sided targets (46.87 ± 10.91 ml/min vs 37.35 ± 12.95 

ml/min, P = 0.007), lower PI for the right-sided targets (1.32 ± 0.45 vs 1.50 ± 0.57, P = 0.095) 

and trend for lower PI for the left-sided targets (1.73 ± 0.60 vs 2.61 ± 1.37, P = 0.067). There 
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was also better territory perfusion for both the right-sided targets (77.11 ± 7.05 ml/min vs 73.92 

± 5.88 ml/min, P = 0.011) and left-sided targets (78.39 ± 11.52 ml/min vs 73.91 ± 10.93 ml/min, 

P = 0.001). The findings in the current study contrast with those from the observational study 

with 114 patients that compared the proximal anastomosis of the radial artery as either a free 

graft to the aorta (72 patients) or as a Y-graft off the LIMA (42 patients) (Onorati, Rubino et 

al. 2010). The radial artery was used to target either the CIRC branches or the RCA branches 

in vessels with greater than 80% stenosis to avoid competitive flows. At rest there was no 

difference in MGF between the two strategies (35.9 ± 10.9 ml/min vs 36.5 ± 9.5 ml/min, 

P = 0.71) or PI (2.3 ± 1.0 vs 1.8 ± 0.5, P = 0.07). The slightly higher MGF observed in the 

current study can be explained by the RCA stenoses being all greater than 90%. Moreover, for 

Patient B, configuration 6 resulted in a steal of flows to the RCA target from the OM1 resulting 

in poor MGF of 13.67 ml/min at PI 5.20. In Onorati et al. (2010) there was also no difference 

in the LIMA to LAD grafts between the aortocoronary bypass group and the composite Y-graft 

group. However, in Patient E, in the present study, configuration 5 led to an unsatisfactory 

MGF of 9.78 ml/min at a PI of 8.40 in the LIMA to LAD due to a composite Y-graft, whereas 

in the aortocoronary bypass configuration 3 there was satisfactory LIMA to LAD MGF of 

24.47 ml/min at PI 2.98.  

 

6.3.3 Comparison of sequential grafts 

Glineur et al. (2012) contends that in cases of multiple arterial sequential anastomoses to the 

lateral and inferior walls of the heart, the CIRC and RCA territories respectively, composite 

grafting should be reserved for severely stenotic coronary targets. The first touchdown target 

in a sequential graft would take the most flow as long as there is reasonable distal run-off and 

the stenosis is severe (Marasco 2016). This current study confirms that the orientation of the 

sequential grafts does matter in keeping with other studies in the literature (Nakajima, 

Kobayashi et al. 2007). For an anticlockwise I-graft arrangement (configuration 9), there was 

significantly more common graft flow prior to the first touchdown RCA target compared to the 

final touchdown RCA target in the clockwise I-graft arrangement (configuration 10) (55.69 ± 

12.63 ml/min vs 33.19 ± 11.85 ml/min, P = 0.024). Similarly, for a clockwise I-graft 

arrangement (configuration 10), there was significantly more common graft flow prior to the 

first touchdown CIRC target compared to the final touchdown CIRC target in the anticlockwise 

I-graft arrangement (configuration 19) (53.18 ± 15.28 ml/min vs 21.93 ± 13.95 ml/min, P = 

0.012). However, the individual graft flows down the CIRC and RCA beyond the common 



Chapter 6: Discussion  187 

___________________________________________________________________________ 

 

sequential graft flow led to less graft flows and territory perfusion compared to a scenario 

where separate grafts were performed. For the clockwise arrangement, there was a trend for 

less individual graft flow than if a separate graft to the CIRC was performed (19.99 ± 16.29 

ml/min vs 35.61 ± 9.98 ml/min, P = 0.078) as well as less graft flow to the RCA (33.19 ± 11.85 

ml/min vs 46.35 ± 13.84 ml/min, P = 0.034) and trend for less CIRC territory perfusion (67.82 

± 13.72 ml/min vs 72.34 ± 10.69 ml/min, P = 0.052) and less RCA territory perfusion (68.52 

± 5.96 ml/min vs 77.11 ± 7.05 ml/min, P = 0.044). For the anticlockwise I-graft arrangement, 

the sequential graft had less individual graft flow to the RCA compared to a separate RCA graft 

(33.75 ± 13.37 ml/min vs 39.33 ± 11.69 ml/min, P = 0.048) and less RCA perfusion (68.96 ± 

4.45 ml/min vs 72.25 ± 5.77 ml/min, P = 0.037). 

 

However, it is important to note that not all patients had satisfactory graft flows form sequential 

grafting. For Patient B, the anti-clockwise I-graft arrangement (configuration 9), led to highly 

unsatisfactory flows to the CIRC territory of 0.68 ml/min due to a presumable steal of flow to 

the RCA territory which had a stenosis of 99% (iFR 0.23) whereas the OM1 only had a stenosis 

of 75% (iFR 0.86). This agrees with the clinical observations in a study of 432 sequential 

arterial grafts to the CIRC and RCA territory in which a 51 to 75% stenosis of the most distal 

target was identified by both univariate and multivariate analysis as a significant predictor of 

competitive flow or occlusion (Nakajima, Kobayashi et al. 2011). Furthermore, a study 

involving 58 patients that recorded TTFM in sequential radial artery grafts found no difference 

in PI between separate arterial grafts and sequential RA grafts to 2 targets (Tsai, Yeh 2013). In 

the current study, there were also no differences in PI between the sequential grafting strategies 

nor when compared with separate grafting strategies (refer to Table 5.15). However, similar to 

the finding of patient-specific configuration issues in Patient B they found 11 out of 120 (9.2%) 

radial artery grafts that were stenotic on CTA, especially if a RA graft was used to the CIRC, 

despite PI indices being favourable in the group.  

 

6.3.4 Comparison of jump grafts 

In an original description of 10 patients undergoing off-pump total anaortic surgery with 

greater than 80% stenosis in the RCA, a radial artery jump graft from the LAD to the PDA was 

purported to be a realistic option with potential favourable characteristics (Taggart, 

Balacumaraswami et al. 2009). This was based on the authors’ assumption that the increased 
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nitric oxide levels from the LIMA get transferred from the distal LAD to the jump graft and 

thus could confer this advantage to the PDA for long-term patency. Taggart et al. (2009) 

confirmed immediate patency by using intraoperative fluorescence imaging in all patients but 

did not perform short-term follow-up with angiography. Furthermore, TTFM may not have 

been available to interrogate the grafting arrangement.  

 

In the present study, such a jump graft arrangement when compared with separate grafts 

demonstrated a trend for more flow in the LIMA graft itself but this was not statistically 

significant (42.94 ± 12.69 ml/min vs 32.16 ± 9.52 ml/min, P = 0.110). However, this increased 

flow did not translate to increased myocardial perfusion to the LAD territory, rather there was 

a trend for less perfusion (98.20 ± 8.20 ml/min vs 101.79 ± 10.74 ml/min, P = 0.060). The flow 

was taken from the LAD to supply the PDA, but this graft to the PDA had significantly less 

graft flow when compared to the situation where a separate graft was performed (16.60 ± 16.23 

ml/min vs 46.35 ± 13.84 ml/min, P = 0.002). This is also resulted in poorer perfusion to the 

RCA territory (57.52 ± 6.72 ml/min vs 77.11 ± 7.05 ml/min, P < 0.001). The calculated MGF 

flow in the jump graft of 16.60 ml/min across the five patients leads to the fallacy that such a 

graft should always be satisfactory and patent on intraoperative fluorescence imaging. 

However, for the individual patients C, D and E, the MGF in the jump graft to the PDA were 

unsatisfactory with 9.92 ml/min, 10.53 ml/min and -2.93 ml/min respectively given the degree 

of stenoses in the RCA for these patients being 90%, 95%, and 90%. The MGF for Patient E 

indicated significant reverse flow. For Patient A and B who had critical 99% stenoses in the 

native RCA, there was little flow competing with the flow from the jump graft off the LAD to 

the PDA, thereby resulting in such a configuration being satisfactory. The same author later 

reported that the jump-graft configuration could be used as a bailout procedure when there are 

issues with shortages of conduit (Taggart 2018). However, the present study has established 

that such a bailout procedure could lead to poor short-term graft patency unless the stenosis in 

the RCA is critical.   
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6.4 Patient-specific total arterial grafting outcomes from configurations 

 

A significant advantage of a predictive computational model over clinical studies concerning 

grafting configurations is that the former can prospectively analyse patient-specific outcomes 

from a multitude of virtual configurations in each individual patient. 

 

6.4.1 Restoration of reduced myocardial perfusion 

The results of this study indicated that a specific grafting configuration restored the decrease 

in total myocardial perfusion to a differing extent in different patients (Table 5.9). This ranged 

from a 13.64% to 40.35% increase in flows compared to the stenotic circulation. Furthermore, 

the total myocardial perfusion restored by using aortic grafting strategies was superior to the 

anaortic grafting strategies for all patients (Table 5.10). However, all grafting configurations 

exceeded the myocardial perfusion of the stenotic circulation, even the worst performing 

configuration exceeded this by at least 32.53 ml/min (Table 5.9). Therefore, without any 

measurement of intraoperative TTFM, a cardiac surgeon may be led to erroneously believe that 

a particular configuration is satisfactory. This highlights the importance of incorporating 

TTFM parameters into graft assessment. 14/60 configurations were affected by a poor MGF 

and PI in at least one graft (Figure 5.31) and this would be overlooked if attention was only 

directed toward myocardial perfusion at rest. Therefore, a satisficing solution must not only 

provide adequate blood flows at rest but at favourable mean graft flows and PI to maintain 

short-term graft patency. 

 

6.4.2 Unsatisfactory grafting configurations 

As described in Section 6.3, the comparison of MGF and PI for sets of grafting configurations 

across a group of patients can mask individual unsatisfactory grafting configurations in a 

particular patient. For Patient A, configurations 7 and 8 had a MGF in the composite LIMA to 

LAD graft that was less than 15 ml/min, mainly due to lower flows down this limb of a 

composite graft where the LIMA was the single inflow source for grafts to all three targets. For 

Patient B, configurations 1, 6, 7, 9 and 11 had MGF less than 15 ml/min and higher PI due to 

composite grafts to the OM1 having flow stolen away which was exacerbated by competitive 

flow with a native OM1 stenosis that was 75% with an iFR of 0.86. For Patients C and D only 
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configuration 12 was unsatisfactory due to 90% and 95% stenoses respectively in the RCA that 

compromised the MGF and PI in the RA to PDA jump grafts, as discussed in Section 6.3.4. 

For Patient E, configurations 1, 5, 7 and 8 were unsatisfactory with MGF less than 15 ml/min 

in the LIMA to LAD graft due to a steal of blood flow down the other limb of the composite 

Y-graft which was accentuated by the native competitive flow in the LAD due to a stenosis of 

90% that had an iFR 0.93. For Patient E, configuration 12 was unsatisfactory due to a reversal 

of flow in the RA to PDA jump graft from a 90% RCA stenosis combined with limited blood 

flow supplied by the upstream LIMA to LAD.  

 

This demonstrates that the complexity of determining unsatisfactory grafting configurations is 

potentially beyond the capabilities of using simple heuristics and thus requires the quantitative 

aid of a computational model. 3 out of 4 aortic grafting configurations led to satisfactory flows 

in all 5 patients, but only 1 out of 8 anaortic configurations (configuration 10) led to satisfactory 

flows in all 10 patients. However, these findings do not imply that configuration 10 would 

always be satisfactory for every patient with severe triple vessel disease. For Patients A, B, C 

and D, the RCA stenoses were equal to or greater than the CIRC stenoses and thus a sequential 

arrangement in configuration 10 would be favourable (Nakajima, Kobayashi et al. 2011). 

However, in patient E, although the OM vessel stenosis was at 99% and the RCA at 90% (iFR 

0.73), the flows in the graft segment to PDA was barely adequate at 15.29 ml/min. If the RCA 

stenosis had any higher iFR in another patient, then this graft could well be unsatisfactory.  

 

The main issue with anaortic configurations is that there are more composite grafts and 

sequential grafts with smaller number of separate inflows making them prone to steal of flow 

and competitive flow affecting upstream segments (Mannacio, Cirillo et al. 2015). Aortic 

grafting configurations with 3 separate inflows (configurations 2, 3 and 4) in no case led to an 

unsatisfactory grafting configuration (0/15 = 0%). Anaortic configurations with 2 inflows 

(LIMA and RIMA) (configurations 5, 6, 9, 10, 12) led to unsatisfactory configurations in 4/5 

(80%) patients, 24% of the time (6 out of 25). Configurations with one inflow (configs 7, 8, 

11) led to unsatisfactory configurations in 5/5 (100%) patients, 40% of the time (6 out of 15).  
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6.4.3 Optimal grafting configurations 

When considering the nature of a CABG operation, the avoidance of choosing an unsatisfactory 

grafting configuration is a main priority for a surgeon. Defining an optimal grafting 

configuration is more challenging as it poses a multi-objective optimisation problem. In this 

particular study, the objective functions to be maximised were the perfusion in the LAD 

territory and total myocardial perfusion whilst maintaining the most favourable MGF and PI. 

However, for Patient A, the optimal configuration consisted of both configuration 3 and 4 as 

the trade-off between LAD territory perfusion and total myocardial perfusion was not able to 

be reconciled, representing a Pareto optimal set (Wang and Rangaiah 2017). Complex 

algorithms may be used to select one optimal element in the set but often the subjective 

preferences of the decision-maker need to be determined (Chaudhari, Dharaskar et al. 2010). 

For the other patients, aortic configuration 3 was the single optimal grafting configuration. 

Amongst the anaortic configurations, configuration 6 was the optimal configuration for Patient 

A and E, where the CIRC stenoses were 95% (iFR 0.50) and 99% (iFR 0.29) respectively and 

adequate flow from the Radial-Y off the in situ RIMA to the CIRC was dependent on this. 

When the CIRC stenosis was less severe, as in Patients B, C and D, configuration 10, the 

clockwise I-graft arrangement, was the optimal. This illustrates that the degree of stenoses and 

distribution of stenoses along with network geometry affect which grafting configuration 

works best. Such individualised issues highlight the difficulties in the existing literature to 

promulgate a given arterial configuration as being universally superior to others (Raja 2019). 

 

6.5 Current standard decision-making for CABG 

 

6.5.1 Surgeon-specific selection of grafting configurations for individual patients 

In this study the 16 surgeons chose a variety of preferred grafting configurations for an 

individual patient using their standard decision-making practices. They selected a spectrum of 

four different aortic configurations (configurations 1, 2, 3 and 4) and four different anaortic 

configurations (configurations 5, 6, 8 and 10), on their own accord, prior to seeing any of the 

computational model data. Such variability is consistent with worldwide practice as there is no 

consensus amongst surgeons regarding the best grafting configuration for a particular patient 

(Buxton and Galvin 2013). This wide variation in practice may be understood by considering 

the nature of the decision-making process that a cardiac surgeon undertakes. Understanding 
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the factors which influence decision-making is important in understanding the actual decisions 

that are made (Dietrich 2010). These factors are likely to be both a reflection of the decision-

maker (internal factors) and the decision situation (external factors). 

 

Internal factors that explain the differences in decisions by surgeons relates to their diversity 

in surgeon training, experience and routine institutional practice (Glance, Osler et al. 2014, 

Maier-Hein, Vedula et al. 2017). As described in Section 6.2.3, there was considerable 

variation amongst the 16 surgeons in their level of experience and institutions from which they 

had gained this experience. If a larger number of surgeons from different cardiac surgical 

centres around the world were included in the current study, the expectation would be for even 

more variation in the number of different configurations chosen for a particular patient, 

especially for the anaortic configurations. Although no surgeons used them in this study, in the 

published literature, certain surgeons do favour the use of configuration 7 (Mannacio, Cirillo 

et al. 2015), configuration 9 (Nakajima, Kobayashi et al. 2007) and configuration 11, with the 

use of configuration 12 as a bail-out procedure (Taggart 2018). 

 

External factors that are beyond the control of the decision-maker can lead to various levels of 

uncertainty. In decision theory, they are classified on a spectrum from decisions made under 

certainty (where all necessary information about alternatives and consequences are known and 

accurate) to decisions made under strict uncertainty (where one is unable to quantify the 

external factors in any way) (Hansson 2005). The standard decision-making for a coronary 

artery bypass grafting strategy is made with a significant degree of uncertainty due to the lack 

of available quantified patient-specific information. This is understandable as the biophysics 

of the coronary circulation is complex, often difficult to completely measure and highly patient-

specific.  

 

6.5.2 Patient-specific selection of grafting configurations by individual surgeons 

Although there was variability in the configurations selected for an individual patient amongst 

the 16 surgeons, each individual surgeon tended to choose the same configurations for all five 

patients. 12 out of 16 individual cardiac surgeons chose the exact same aortic grafting 

configuration for all five patients and 14 out of 16 surgeons chose the exact same anaortic 

configuration for all 5 patients. Therefore, with standard decision-making the surgeons 

typically adopted a “one-size” fits all approach. This can be explained by the fact that all 

patients had severe stenoses with triple vessel disease. Past experiences can impact decision-
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making in the future, with previous positive outcomes leading to repeat decisions for a similar 

situation in the future (Juliusson, Karlsson et al. 2005). Many clinical studies in the literature 

show no difference in crude outcomes between different grafting strategies which can, in turn, 

lead surgeons to believe a certain configuration will always be satisfactory. By the same token, 

negative results from a particular decision will lead to individuals avoiding a repeat of that 

mistake (Sagi and Friedland 2007). This may explain why certain surgeons employ the same 

configurations for all patients, using the same heuristics.  

 

Heuristics are essentially cognitive shortcuts or “rules of thumb” that are used in decision-

making which are based on limited or incomplete information but can often be correct (Shah 

and Oppenheimer 2008). In a representative heuristic, a decision-maker will choose the 

alternative that is most familiar to them which makes this an efficient method of arriving at a 

decision (Goldstein and Gigerenzer 2002). This may be the case when a cardiac surgeon uses 

a particular grafting technique that they have always used or seen being used in their training 

and experience. In a principles heuristic, a decision maker will use scientific theories as the 

basis of their decision (Wang and Ruhe 2007). For cardiac surgeons, scientific evidence in the 

literature regarding clinical studies examining different grafting configurations may be 

influential. However, not all surgeons are likely to be able to efficiently summarise all the 

literature on optimal grafting configurations for total arterial revascularisation meaning they 

would be more likely to apply an availability heuristic, where a decision-maker will rely on 

information that is most readily available to them (Bordage 1999). In an anchoring and 

adjustment heuristic, a decision-maker will use some other reference point and then make 

incremental adjustments to arrive at a decision (Epley and Gilovich 2006). As a consequence, 

when dealing with uncertainty where little quantitative information is provided, heuristics can 

be useful but in other situations heuristics may they lead to significant errors (Croskerry 2000). 

This has been demonstrated in the current study when comparing the paradigm of 

configuration-specific against patient-specific grafting configuration selections, as described 

in Section 6.3. 

 

6.5.3 Quality outcomes of surgeon selected grafting configurations for patients 

In this study, the standard decision-making methods led to satisfactory MGF and PI of all 

virtual grafts in the majority of selections for aortic configurations (76/80 = 95%) and for 

anaortic configurations (63/80 = 78.75%) (Table 5.19). However, this still culminated in 4 

composite Y-graft aortic selections (4/80 = 5%) and 17 anaortic selections (17/80 = 21.25%) 
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that would lead to unsatisfactory grafts with poor short-term patency, when options exist to 

avoid these for surgeons and patients. In a clinical study of 120 patients undergoing complex 

composite grafting procedures using BIMA, the graft patency at a mean follow-up of 29.9 ± 

33.1 months for arterial grafts was between 80% to 98.7% (Shih, Chung et al. 2020). This is 

significant as failed grafts can lead to recurrent angina and/or other major cardiovascular 

morbidity and mortality in patients. 

 

The standard decision-making by the surgeon cohort in this study for anaortic configurations 

was poor at selecting an optimal configuration that resulted in ideal or satisfactory graft 

performance while maximising flows in the LAD territory and total myocardial perfusion (5/80 

= 6.25%). Given the limited inflows, anaortic configurations would be more susceptible to steal 

of flows. Configurations 6 and 10, which were the optimal depending upon the individual 

patient, were not popular amongst surgeons. However, the existing method of decision-making 

was much better at selecting an optimal grafting configuration for aortic configurations (52/80 

= 65%). This can be explained by the fact that configuration 3 was quite popular amongst most 

surgeons based on its simplicity and it had three separate inflows: one from the aorta, and one 

from each in situ IMA graft and thus there was less opportunity for steal of flow between grafts. 

Configuration 2 was less popular, and this could be explained by the fact that some surgeons 

have concerns regarding difficulties accessing bleeding that can occur in the transverse sinus 

from an in situ RIMA going to a CIRC branch or the adequacy of the length of conduit available 

to reach (Ueyama, Sakata et al. 1996).  

 

Interestingly, with standard-decision-making, novices were more likely to choose an optimal 

aortic grafting configuration than the experts (33/40 = 82.5% vs 19/40 = 47.5%, P = 0.002). 

Firstly, novices with their standard decision-making were more likely to choose a technically 

simpler configuration (configuration 3) (33/40 = 82.5% vs 17/40 = 42.5%, P < 0.001) rather 

than a composite Y-graft (configuration 1) (2/40 = 5% vs 10/40 = 25%, P = 0.025). Secondly, 

they were also less likely to perform a RIMA onto the LAD (0/40 = 0% vs 8/40 = 20%, P = 

0.005), which could either be due an indoctrination of LIMA to LAD being best (Loop, Lytle 

et al. 1986) or avoiding crossing the sternum with a RIMA graft (configuration 4). The limited 

cognitive ability of humans due to processing and memory capacity means that even expert 

decision-making is consistently outperformed by computational models based on simple 
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equations (Dawes, Faust et al. 1989, Maule 2010). Even when the equation is constructed with 

variable weights determined by non-optimal means, it still outperforms expert judgement 

(Meehl 1954), such as the optimization algorithm used in this study. Reasoning in uncertainty 

requires the use of judgement heuristics by humans which leads to satisficing strategies 

(Kahneman and Tversky 2000). 

 

Experience does not lead to better decision making by experts in environments where learning 

from experience is not readily possible (Dawes, Faust et al. 1989). This is due to the absence 

of accurate and timely feedback. Cardiac surgeons often cite results from clinical studies on 

historical patients to form heuristics or use their own experience from operating on historical 

patients when determining a grafting strategy for a current patient with their own unique 

circulation. However, the actual flow achieved down the coronary vessels following coronary 

bypass grafting is not part of the feedback that a cardiac surgeon routinely receives following 

an operation. Therefore, distinguishing between an unsatisfactory, satisfactory, and optimal 

hemodynamic grafting result for a patient undergoing coronary artery surgery is not part of 

routine clinical practice. Surgeons who in their experience have performed unsatisfactory 

grafting strategies with poor short-term patency would not notice this phenomenon 

immediately unless they measured their grafts with TTFM at the time of the operation. 

Otherwise, with unsatisfactory grafts, the restoration of myocardial perfusion may result in 

considerably better perfusion than the stenotic circulation at rest and thus may not cause any 

immediate harm to the patient. Therefore, there is very little learning opportunity available for 

surgeons with their existing standard decision-making without the routine use of TTFM. 

 

 

6.6 Influence of computer modelling on decision-making for CABG 

 

In this research the emphasis was on providing predictive quantitative hemodynamic 

information from computer modelling to improve the decision making of cardiac surgeons in 

an environment of significant uncertainty. Such computer-aided decision making constitutes a 

decisions support system that aims at improving the quality and effectiveness of the decisions 

made (Keen 1987). This is part of a wide spectrum of levels of automation ranging from level 

1 to level 10 (Sheridan and Verplank 1978) (Figure 2.17). In level 1, the existing method, a 

human is required to make all decisions. In level 2, the computer can offer a complete set of 



196 6.6 Influence of computer modelling on decision-making for CABG 

___________________________________________________________________________ 

 

 

alternatives and narrows these down to a few alternatives in level 3 or even one alternative in 

level 4. Level 10 is more futuristic and entails the computer behaving completely autonomously 

in making the decisions and taking the action. The use of the computational model in this study 

was centred around level 2 to 4.   

 

6.6.1 Surgeon-specific selection of grafting configurations for individual patients 

The predictive hemodynamic data from the computational model did not lead to any significant 

change in the overall distribution of aortic configurations selected for the patients by the 

surgeons (Table 5.18). However, for anaortic configurations, there was a significant decrease 

in the selection of configuration 5 (57/80 = 71.25% vs 41/80 = 51.25%, P = 0.015) accompanied 

by a concomitant increase in selecting configuration 6 (2/80 = 2.5% vs 17/80 = 21.25%, P < 

0.001). This was mainly driven by the increase in novices selecting configuration 6 compared 

to experts (15/40 = 37.5% vs 2/40 = 5%, P < 0.001), noting that configuration 6 was the 

computational model defined optimal configuration for 3 out of 5 patients. Experts and novices 

may make different decisions if they differ in the way they use available information 

(Mumpower and Stewart 1996). 

 

The computational model influenced 8 out of 16 surgeons in the selection of grafting 

configurations that they stated they would not usually use. However, this change in decision-

making was more prominent amongst the novice surgeons than the expert surgeons (19/52 = 

36.54% vs 1/38 = 2.63%, P < 0.001). This finding could be explained by experts being more 

set in their ways with the familiarity of certain grafting configurations and the technical 

expertise required to execute those strategies. Novices, due to their relative lack of experience, 

may be more adaptable when confronted with quantified information from a computer model. 

However, given that the participants knew that they were partaking in a virtual decision-making 

study, without real-life consequences, the selections of novices may also have been influenced 

by the Hawthorne effect (Cook 1967). In this respect novices may have overlooked what their 

real-life practice would have been given the virtual nature of the study. 

 

The differential effect of providing surgeons with only graft flow data compared with 

additional myocardial territory perfusion data was explored by asking surgeons to rank their 

top 5 grafting configuration preferences for each patient. Experts tended to ignore the 

additional myocardial territory perfusion data after presumably deeming that it was 
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satisfactory, whereas novices changed their top 5 rankings even if differences were typically 

of the order of 1 to 2 ml/min in flows (5/80 = 6.25% vs 36/80 = 45%, P < 0.001). Although 

many cardiac surgeons may not routinely use intraoperative TTFM in their own practice, they 

have become more familiar with concepts of MGF and PI of grafts due to the surge of interest 

in TTFM in the literature and the advocacy for its routine use in guidelines (Sousa-Uva, 

Neumann et al. 2019). In contradistinction, the concept of having quantified myocardial 

perfusion data available immediately at the time of the operation is less familiar. It is currently 

impractical to conduct an MRI or nuclear medical scan in the operating theatre. Neither is it 

feasible to send patients to such scanners immediately after an operation due to their clinical 

condition. Therefore, surgeons are not accustomed to assimilating data providing 

quantification of myocardial perfusion information post CABG and are poor at predicting even 

qualitative effects on perfusion post CABG (Eckardt, Kjeldsen et al. 2011).  

 

6.6.2 Patient-specific selection of grafting configurations by individual surgeons  

After reviewing the computational model data, there was an increase in the number of 

individual surgeons choosing unique anaortic grafting configurations across the 5 patients 

(2/16 = 12.5% vs 14/16 = 87.5%, P < 0.001). This highlighted the impact of the computational 

model on influencing surgeons to undertake more patient-specific tailoring of grafting 

configurations. This finding was consistent amongst both experts and novices. In contrast to 

the existing paradigm of grouping patients together, there have been attempts to model 

individual patients within the context of population-level data or other multimodal sources of 

data (Henry, Hager et al. 2015, März, Hafezi et al. 2015). This reflects a paradigm shift that 

will enable personalised treatment and involves a shift from subjective to objective decision 

making and from qualitative to quantitative assessment (Maier-Hein, Vedula et al. 2017, Miles, 

Loughlin et al. 2008).  

 

6.6.3 Quality outcomes of surgeon selected grafting configurations for patients 

After reviewing the computational data, no surgeon in the study selected any unsatisfactory 

aortic grafting configuration amongst all patients (0/80 = 0%). However, given their ability to 

accurately avoid unsatisfactory aortic configurations prior to being aided by the computer 

model, this result was not statistically significant (0/80 = 0% vs 4/80 = 5%, P = 0.641). For the 

anaortic configurations there was a significant decrease in unsatisfactory grafting 
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configurations selected once the surgeons were informed by the computer model (17/80 = 

21.25% vs 1/80 = 1.25%, P < 0.001). This indicates that overall most surgeons took heed of 

the computational model as the influence in avoiding unsatisfactory anaortic grafting 

configurations was evident by McNemar’s test for the primary outcome measure of the study 

(Table 5.22). In fact the proportion of surgeons choosing unsatisfactory anaortic configurations 

decreased from 87.5% to 6.25% (P < 0.001), which far exceeded the learning change of 30% 

(Hake 1998) which had been set a priori in the design of this study (Section 4.6.8).  

 

One surgeon in the research study still pursued a single unsatisfactory grafting configuration 

for one patient despite being advised by the computer model of the existence of other 

satisfactory strategies. Certain experts may ignore information from the computational model 

due to cognitive biases which are thought patterns which can influence decision-making. These 

biases influence individuals by leading them to rely heavily on their previous knowledge and 

expected observations, their retrospective analysis of an outcome as being inevitable, while 

omitting information perceived as uncertain (Dietrich 2010). There is an individual component 

to incorporation of the same data set between two experts. For example, information provided 

by computer simulations is not accepted as data by certain scientists who believe that a 

computer simulation is only a prediction that requires validation through further experiments 

(Sargent 2013). Experts may also systematically differ in the ways they integrate the 

information provided by cues, despite judging the same environmental criteria and having the 

same cues (Brunswik 2003). They may disagree on how to combine information (different 

organizing principles); place differing importance on pieces of information (different weights); 

disagree on the functional relationship between levels of cues and judgements (different 

function forms); and even if all these three are equal, they may have differing biases in their 

judgements (differences in bias) (Mumpower and Stewart 1996).  

 

In this study, changes in preferred grafting configuration selections by surgeons, due to the 

information provided to them by the computational model, did not result in improved 

hemodynamic flows for the majority of patients. It translated to clinically significant 

differences in predictive hemodynamic flows only for the anaortic configurations for Patient E 

(Table 5.30). This was the only patient in the study who had an iFR > 0.90 with an iFR 0.93 

for a 90% stenosis, whereas all the other stenoses amongst the patients were clearly more 
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functionally significant. The MGF of the LAD graft was unsatisfactory with standard decision-

making methods before the computational model was used (11.18 ± 5.32 ml/min vs 22.75 ± 

4.09 ml/min, P < 0.001) as was the PI (8.09 ± 2.23 vs 3.47 ± 1.38, P < 0.001). This highlighted 

the importance of the functional significance of stenoses in guiding surgeons to avoid 

unsatisfactory grafting configurations in anaortic grafting techniques.   

 

The use of the predictive hemodynamic data from the computational model resulted in more 

optimal grafting configurations being selected (5/80 = 6.25% vs 23/80 = 28.75%, P < 0.001), 

but this result was driven mainly from the selection changes of the novices and not the experts 

(19/40 = 47.5% vs 33/40 = 82.5%). This could be interpreted as experts being content with a 

satisfactory solution, rather than an optimal solution that they are less familiar with. One of the 

attributes of expert decision makers, described in the literature, is that they often seek 

satisficing solutions that are effective, rather than an optimal solution (Simon 1957). 

Interestingly, this occurs even in circumstances when time pressures are not present (Klein and 

Brezovic 1986), which was the case in this present study. Decision-makers tend to choose 

alternatives that are the easiest, most efficient, cheapest and safest (Bohanec 2009). This 

conservation of effort can also explain why the experts did not change their decisions to strive 

for an optimal strategy selection, unlike the novices (Todd and Benbasat 1992).   

 

6.7 Limitations of study and future directions 

 

The major limitation of this study was the time required to create the patient-specific predictive 

hemodynamic models. Although the solutions themselves took the order of 60 to 75 minutes, 

with the use of embarrassing parallelisation and high-performance computing, the manual 

segmentation process took up to 6 hours. This would limit the practical application of this 

approach to patients undergoing elective surgery where at least 6 to 12 hours would be needed 

to construct the models and run the solutions. The eventual aim would be more automated, 

accurate methods of vessel segmentation and CFD to gain solutions in a shorter period of time. 

Recently, a deep-learning predictive 3D CABG model which can provide solutions within one 

second has been described (Li, Wang et al. 2021). However, their deep-learning model did not 

incorporate the patient-specific nature of the coronary geometry nor assign personalised 
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boundary conditions. Given these limitations it is questionable if the computational efficiency 

in their model justifies the loss of important information. 

 

Although the 1D-0D lumped parameter computational models used in this research were able 

to accurately capture the key features of the coronary hemodynamics, certain assumptions were 

required. There was an assumption of Newtonian flow, which some studies have determined 

to be valid (Chaichana, Sun et al. 2012) whilst others have found it to result in important 

differences (Razavi, Shirani et al. 2011, Gaudio, Caruso et al. 2018). The terminal lumped 

parameter models oversimplified the propagation of waveforms in the microcirculation but the 

effects of this on the velocity profile were treated by adjusting the parameters for the Coriolis 

coefficient. The outlet boundary conditions for the coronary circulations in the computational 

model were patient-specific, however, the inlet pressure boundary condition, cardiac output 

and total arterial compliance were the same for all patients. With more invasive clinical patient 

data available, these idealised generic parameters could also be made patient-specific.  

 

Another limitation pertained to the geometric parameterisation of the models. Although the 

geometry of the coronary circulations were patient-specific and personalised, the systemic 

aortic branch geometry was idealised (Low, van Loon et al. 2012, Al-Jumaily and Lowe 2013)  

given the lack of CT scan information regarding the dimensions of these branches. In future 

studies, this could be overcome by extending the CTCA to include a CTA of the head, neck, 

thorax and abdomen. Furthermore, the effects of curvature of vessels including the cross-

sectional shape of grafts being elliptical rather than circular near an anastomosis 

(Sankaranarayanan, Chua et al. 2005) was oversimplified in the 1D-0D model. However, to 

overcome these limitations would require a 3D model and these assumptions were not thought 

to significantly alter the mean flows obtained through the use of the current model, in the 

context within which they were applied in this study.  

 

The validation of the computational model data was established by comparing the predictive 

hemodynamic results with clinically available in vivo data from other studies in the literature. 

A more robust but time-consuming approach would be to perform the validation of the model 

using the same patients from whom hemodynamic predictions were made using computational 
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modelling. This would be more labour intensive and require pre-operative CT scans in all 

patients along with conventional coronary angiogram, with iFR and FFR calculation of all 

lesions, measurements of intraoperative TTFM parameters once a grafting configuration had 

been performed, followed by a post-operative CT scan and myocardial perfusion scan once the 

patient had recovered adequately from surgery. Post-operative iFR and/or FFR measurements 

of the grafts and coronary arteries could also be performed. Alternatively, flow information 

could also be provided by performing preoperative and postoperative cardiac MRI scans. 

 

Although the computational model had the ability to calculate more derived parameters from 

the vessel flow waveforms such as diastolic filling percentage and backward flow percentage, 

these were not presented to the surgeons to avoid information overload. Similarly, the 

maximum and minimum flows in diastole and systole which have been used in other studies 

(Wang, Anzai et al. 2020) were not presented for similar reasons but can be easily calculated 

from the current computational model. Although these limitations relate to the involvement of 

the surgeons in the study, MGF and PI are the most recognisable parameters that surgeons are 

familiar with. Reverse flow will lead to a high PI and both are correlated with predicting short-

term graft failure (Leong, Ashok et al. 2005, Honda, Okamura et al. 2015). 

 

Given the focus of the research project in examining 12 arterial grafting configurations using 

3 conduits (LIMA, RIMA and RA) in patients with severe native coronary stenoses, five 

patients were considered an acceptable number for the computational modelling. However, the 

statistical analyses were not powered a priori for looking at differences between configurations 

when compared amongst the 5 patients. Therefore, the generality of certain results could be 

questioned on account of a small sample size, however the findings tended to agree with larger 

clinical studies in the published literature. Using only 5 patients did allow 12 grafting 

configurations to be interrogated on each patient and all the results presented to surgeons 

without being too exhaustive for them. Despite this the study still took up to 45 minutes for a 

surgeon to complete.  Future studies can investigate patients with poorer ejection fractions, or 

with left ventricular hypertrophy and microvascular coronary disease where the use of anaortic 

configurations with composite Y-grafts have been clinically cautioned (Mannacio, De Vita et 

al. 2014).  
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The 16 surgeons that were recruited to participate had a significant variation in experience, 

including use of BIMA configurations in their routine practice. Given the importance of 

grafting configuration particularly amongst surgeons who perform more anaortic total arterial 

OPCABG revascularisation using BIMA, future studies could be streamlined for including 

more of these participants.  In this study, virtual configurations were presented and therefore 

another potential limitation is that surgeons were cognisant of this being an experimental study 

without real-life patients and so the authenticity of their responses would be difficult to prove.  

 

Finally, the computational models were deterministic in nature and all hemodynamic 

calculations were made at basal resting conditions. Thus the autoregulatory mechanisms in 

coronary flows were overlooked, as well as the effects of exercise and coronary flow reserve. 

Some studies have shown that in composite grafts, graft flows and myocardial perfusion at rest 

may be adequate but at hyperemia insufficient (Mannacio, De Vita et al. 2014).  Other studies 

have maintained that composite grafts can sustain adequate flows at hyperemia (Sakaguchi, 

Tadamura et al. 2002, Markwirth, Hennen et al. 2001) and this contention requires further 

investigation in future studies. Furthermore, the variations in flows attributable to cardiac 

anesthesia and responses to surgical stimulation including use of cardiopulmonary bypass were 

not considered (Kaufmann and Kung 2019). Clinical studies have also demonstrated that over 

time the initial dimensions of the IMA grafts increase, particular the common stem in a 

composite Y-graft becomes larger (Royse, Royse et al. 2020). To overcome such limitations, 

future stochastic models would need to be investigated to account for variations in flows and 

graft size diameters under a variety of conditions. 

 

Given the positive response from surgeons in using the model, the immediate future directions 

of the study are to firstly improve the deterministic model. This includes further refinements 

in the code for efficiency followed by an in vivo validation study using the same patient data 

from which hemodynamic predictions are made. With the quest for less invasive diagnostic 

procedures to detect coronary artery disease such as CTCA (Ma, Liu et al. 2017, Peper, Suchá 

et al. 2020), an efficient predictive CABG computational model could complement the 

information provided by the CTCA scan. In this way the computational modelling could 

provide a potential platform to guide surgical decision-making regarding grafting 

configurations as a clinical decision support software tool. 
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6.8 Conclusions 

 

6.8.1 Summary and significance of findings 

 

6.8.1.1 Computational modelling 

A novel patient-specific 1D-0D lumped parameter model was shown to be feasible as well as 

anatomically and physiologically accurate for its purposes of predicting hemodynamic flows 

in native coronary circulations, stenotic coronary circulations and grafted coronary 

circulations. Using a multi-scale 1D-0D approach for grafting junctions allowed for significant 

computational efficiency when compared with the currently used 3D modelling approaches.  

 

6.8.1.2 Grafting configurations for total arterial revascularisation 

A number of common grafting configurations using BIMA and RA that are used by surgeons 

around the world can lead to poorly performing grafts with poor MGF and PI which, in turn, 

affects short-term graft patency. This is due to the steal of blood flow between grafts and the 

native coronary circulation. This is of particular significance for the more technically 

demanding grafting configurations that use a combination of composite and sequential grafts, 

especially for total anaortic grafting configurations. The flaws in the existing literature studies 

seeking to establish the best grafting configurations are that they do not account for patient-

specific needs and attempt to find a “one-size fits all” solution. This study verified that even in 

a small cohort of patients with severe triple vessel coronary artery disease, the satisfactory and 

unsatisfactory grafting configurations are patient-specific and dictated by the differences in 

their coronary geometries. This research has highlighted that complex grafting configurations 

require a patient-specific approach that needs to be tailored. The significance of these findings 

are that they can lead to better patient outcomes by improving short-term graft patency. 

 

6.8.1.3 Surgeon decision-making 

The quantitative information provided by the computational models had a positive influence 

on surgeon decision-making by resulting in more patient-specific tailored decisions and less 

poorly performing grafts (mean graft flows < 15ml/min and pulsatility index > 5). Experts were 
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less likely to use grafting configurations that they would not normally use, despite the 

computational modelling data, whilst novices were more likely to use such configurations. In 

general, experts were more content with opting for a satisficing solution whereas novices were 

guided by the computational model to select an optimal strategy. Finally, experts were not 

influenced by the additional provision of myocardial perfusion data, but rather focused on the 

TTFM parameters that were presented, whereas novices incorporated this additional 

myocardial perfusion data. Overall, surgeons took heed of the predictive hemodynamic 

information provided by the computational CABG models. 

 

Although many expert surgeons appear set in their ways, this study demonstrated that even this 

group would change certain decisions based on the computational models’ predictive 

hemodynamic data. This finding is significant in that it behoves further development of more 

computationally efficient predictive models with even higher accuracy that surgeons can use. 

In an era where there is a move towards personalised medicine such a decision-making aid has 

the potential to be of great use to surgeons and thus ultimately be of significant benefit to 

patients. 
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Appendix A   Further mathematical calculations for bifurcation junction 

Example of equations and their partial derivatives for calculating the Jacobian matrix to apply 

Newton-Raphson method to solve a bifurcation junction. 

From Equation (4.21): 

 𝑭𝟏 = 𝑸𝒑𝟏𝑴

𝒏+𝟏 − 𝑸𝒄𝟏𝟎
𝒏+𝟏 − 𝑸𝒄𝟐𝟎

𝒏+𝟏 (A.1) 

 

 𝝏𝑭𝟏 

𝝏𝑨𝒑𝟏𝑴

𝒏+𝟏 =
𝝏𝑸𝒑𝑴

𝒏+𝟏

𝝏𝑨𝒑𝟏𝑴

𝒏+𝟏 
 

(A.2) 

 

 𝝏𝑭𝟏 

𝝏𝑨𝒄𝟏𝟎
𝒏+𝟏 = −

𝝏𝑸𝒄𝟏𝟎
𝒏+𝟏

𝝏𝑨𝒄𝟏𝟎
𝒏+𝟏  

 

(A.3) 

 

 𝝏𝑭𝟏 

𝝏𝑨𝒄𝟐𝟎
𝒏+𝟏 = −

𝝏𝑸𝒄𝟐𝟎
𝒏+𝟏

𝝏𝑨𝒄𝟐𝟎
𝒏+𝟏  

 

(A.4) 

 

From Equation (4.22):  

 

𝑭𝟐 = 𝑷𝒑𝟏𝑴

𝒏+𝟏 +
𝜌

2

(𝑸𝒑𝟏𝑴

𝒏+𝟏)
𝟐

(𝑨𝒑𝟏𝑴

𝒏+𝟏)
𝟐 − 𝑷𝒄𝟏𝟎

𝒏+𝟏 −
𝜌

2

(𝑸𝒄𝟏𝟎
𝒏+𝟏)

𝟐

(𝑨𝒄𝟏𝟎
𝒏+𝟏)

𝟐 

 

 

(A.5) 

 

 
𝝏𝑭𝟐 

𝝏𝑨𝒑𝟏𝑴

𝒏+𝟏 =
𝝏𝑷𝒑𝟏𝑴

𝒏+𝟏

𝝏𝑨𝒑𝟏𝑴

𝒏+𝟏 + 𝜌 ∙
𝑸𝒑𝟏𝑴

𝒏+𝟏

(𝑨𝒑𝟏𝑴

𝒏+𝟏)
𝟐 ∙

𝝏𝑸𝒑𝟏𝑴

𝒏+𝟏

𝝏𝑨𝒑𝟏𝑴

𝒏+𝟏 − 𝜌 ∙
(𝑸𝒑𝟏𝑴

𝒏+𝟏)
𝟐

(𝑨𝒑𝟏𝑴

𝒏+𝟏)
𝟑  

 

 

(A.6) 

 

 𝝏𝑭𝟐 

𝝏𝑨𝒄𝟏𝟎
𝒏+𝟏 = −

𝝏𝑷𝒄𝟏𝟎
𝒏+𝟏

𝝏𝑨𝒄𝟏𝟎
𝒏+𝟏 − 𝜌

𝑸𝒄𝟏𝟎
𝒏+𝟏

(𝑨𝒄𝟏𝟎
𝒏+𝟏)

𝟐 ∙
𝝏𝑸𝒄𝟏𝟎

𝒏+𝟏

𝝏𝑨𝒄𝟏𝟎
𝒏+𝟏 + 𝜌 ∙

(𝑸𝒄𝟏𝟎
𝒏+𝟏)

𝟐

(𝑨𝒄𝟏𝟎
𝒏+𝟏)

𝟑 

 

(A.7) 
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 𝝏𝑭𝟐 

𝝏𝑨𝒄𝟐𝟎
𝒏+𝟏 = 0 

 

(A.8) 

From Equation (4.23): 

 

𝑭𝟑 = 𝑷𝒑𝟏𝑴

𝒏+𝟏 +
𝜌

2

(𝑸𝒑𝟏𝑴

𝒏+𝟏)
𝟐

(𝑨𝒑𝟏𝑴

𝒏+𝟏)
𝟐
− 𝑷𝒄𝟐𝟎

𝒏+𝟏 −
𝜌

2

(𝑸𝒄𝟐𝟎
𝒏+𝟏)

𝟐

(𝑨𝒄𝟐𝟎
𝒏+𝟏)

𝟐 

 

 

(A.9) 

 

 
𝝏𝑭𝟑 

𝝏𝑨𝒑𝟏𝑴

𝒏+𝟏 =
𝝏𝑷𝒑𝟏𝑴

𝒏+𝟏

𝝏𝑨𝒑𝟏𝑴

𝒏+𝟏 + 𝜌 ∙
𝑸𝒑𝟏𝑴

𝒏+𝟏

(𝑨𝒑𝟏𝑴

𝒏+𝟏)
𝟐 ∙

𝝏𝑸𝒑𝟏𝑴

𝒏+𝟏

𝝏𝑨𝒑𝟏𝑴

𝒏+𝟏 − 𝜌 ∙
(𝑸𝒑𝟏𝑴

𝒏+𝟏)
𝟐

(𝑨𝒑𝟏𝑴

𝒏+𝟏)
𝟑  

 

 

(A.10) 

 

 𝝏𝑭𝟑 

𝝏𝑨𝒄𝟏𝟎
𝒏+𝟏 = 0 

 

(A.11) 

 

 𝝏𝑭𝟑 

𝝏𝑨𝒄𝟐𝟎
𝒏+𝟏 = −

𝝏𝑷𝒄𝟐𝟎
𝒏+𝟏

𝝏𝑨𝒄𝟐𝟎
𝒏+𝟏 − 𝜌

𝑸𝒄𝟐𝟎
𝒏+𝟏

(𝑨𝒄𝟐𝟎
𝒏+𝟏)

𝟐 ∙
𝝏𝑸𝒄𝟐𝟎

𝒏+𝟏

𝝏𝑨𝒄𝟐𝟎
𝒏+𝟏 + 𝜌 ∙

(𝑸𝒄𝟐𝟎
𝒏+𝟏)

𝟐

(𝑨𝒄𝟐𝟎
𝒏+𝟏)

𝟑 

 

(A.12) 

 

 

Therefore the 3 x 3 Jacobian matrix is: 

 

=

[
 
 
 
 
 
 
 
 
 
 𝝏𝑸𝒑𝟏𝑴

𝒏+𝟏

𝝏𝑨𝒑𝟏𝑴

𝒏+𝟏
−

𝝏𝑸𝒄𝟏𝟎
𝒏+𝟏

𝝏𝑨𝒄𝟏𝟎
𝒏+𝟏

−
𝝏𝑸𝒄𝟐𝟎

𝒏+𝟏

𝝏𝑨𝒄𝟐𝟎
𝒏+𝟏

𝝏𝑷𝒑𝟏𝑴

𝒏+𝟏

𝝏𝑨𝒑𝟏𝑴

𝒏+𝟏
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𝑸𝒑𝟏𝑴

𝒏+𝟏

(𝑨𝒑𝟏𝑴

𝒏+𝟏)
𝟐
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𝝏𝑸𝒑𝟏𝑴
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(𝑸𝒑𝟏𝑴

𝒏+𝟏)
𝟐

(𝑨𝒑𝟏𝑴
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𝟑

−
𝝏𝑷𝒄𝟏𝟎

𝒏+𝟏

𝝏𝑨𝒄𝟏𝟎
𝒏+𝟏

− 𝜌
𝑸𝒄𝟏𝟎

𝒏+𝟏

(𝑨𝒄𝟏𝟎
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𝟐
∙
𝝏𝑸𝒄𝟏𝟎

𝒏+𝟏
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𝒏+𝟏
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(𝑸𝒄𝟏𝟎
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𝟐
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𝝏𝑷𝒑𝟏𝑴

𝒏+𝟏

𝝏𝑨𝒑𝟏𝑴
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𝒏+𝟏
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Appendix B   Example network .csv and .cfg files 

 

Figure B1 Vessel network .csv file and .cfg file for Patient E native circulation 
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Figure B1 Vessel network .csv file and .cfg file for Patient E native circulation (cont.) 
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Figure B2 Vessel network .csv file and .cfg file for Patient E stenotic circulation 
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Figure B2 Vessel network .csv file and .cfg file for Patient E stenotic circulation (cont.) 
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Figure B3 Vessel network .csv file and .cfg file for Patient E grafted circulation aortic 

configuration 4 
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Figure B3 Vessel network .csv file and .cfg file for Patient E grafted circulation aortic 

configuration 4 (cont.) 
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Figure B4 Vessel network .csv file and .cfg file for Patient E grafted circulation anaortic 

configuration 6 
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Figure B4 Vessel network .csv file and .cfg file for Patient E grafted circulation anaortic 

configuration 6 (cont.) 
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PATIENT A 

Appendix C   Hemodynamic predictions for all patients 

 

 

 

                                                                                                    (A) 

 

(B) 

CONFIGURATION  Region Graft  

Mean 

Graft 

Flow 

(ml/min) 

Pulsatility 

Index 

Regional 

Perfusion 

(ml/min) 

  LAD LIMA to LAD 17.57 1.54 105.92 

1 CIRC  RIMA to OM1 45.01 1.61 61.88 

  RCA RIMA to PDA 61.91 1.24 84.56 

          252.36 

         

  LAD LIMA to LAD 21.47 1.30 107.39 

2 CIRC  RIMA to OM1 44.99 1.52 61.84 

  RCA Radial to PDA 64.99 1.46 87.33 

          256.57 

         

  LAD LIMA to LAD 21.47 1.30 107.40 

3 CIRC  Radial to OM1 56.08 1.24 70.75 

  RCA RIMA to PDA 55.01 1.20 78.40 

          256.55 

         

  LAD RIMA to LAD 20.59 1.43 107.07 

4 CIRC  LIMA to OM1 45.86 1.56 62.56 

  RCA Radial to PDA 64.99 1.46 87.33 

          256.96 

(C) 

Figure C1 Predicted hemodynamic flows for Patient A 
(A) Coronary tree diagram with site of grafting encircled blue (B) iFR, FFR of stenoses and myocardial perfusion 

due to stenoses and in theoretical circulation with no stenoses (C) Aortic configurations with predicted graft 

indices and myocardial perfusion (red indicates PI >5 or graft flow < 15 ml/min; blue indicates PI > 3 for left-

sided graft) 

Stenosis 

Location 

Stenosis 

Length 

(cm) 

% 

Diameter 

Stenosis 

iFR FFR 

Region 

Regional 

Perfusion 

(ml/min) 

No disease 

(ml/min) 

LAD 2.2 90 0.73 0.68 LAD 99.17 106.48 

CIRC 0.7 95 0.50 0.52 CIRC 25.43 75.76 

RCA 0.6 99 0.29 0.38 RCA 28.68 91.74 

          Total  153.28 273.98 
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CONFIGURATION Region Graft  

Mean 

Graft 

Flow 

(ml/min) 

Pulsatility 

Index 

Regional 

Perfusion 

(ml/min) 

 LAD LIMA to LAD 17.20 1.65 105.77 

5 CIRC  Radial to OM1 49.39 1.61 65.37 

 RCA RIMA to PDA 55.01 1.20 78.40 

         249.55 

         

 LAD LIMA to LAD 21.47 1.31 107.39 

6 CIRC  RIMA to OM1 40.09 1.65 57.91 

 RCA Radial to PDA 58.47 1.43 81.50 

         246.81 

         

 LAD LIMA to LAD 13.75 1.65 104.47 

7 CIRC  RIMA to OM1 37.75 1.84 56.04 

 RCA Radial to PDA 51.68 1.44 75.32 

         235.83 

         

 LAD LIMA to LAD 14.66 1.61 104.81 

8 CIRC  RIMA to OM1 78.94 0.91 54.91 

 RCA RIMA to PDA 42.65 1.15 67.23 

         226.95 

         

 LAD LIMA to LAD 21.47 1.31 107.39 

9 CIRC  Radial to OM1 29.56 2.28 49.46 

 RCA RIMA to PDA 77.33 1.05 71.88 

         228.73 

         

 LAD LIMA to LAD 21.47 1.31 107.39 

10 CIRC  RIMA to OM1 77.04 0.96 51.70 

 RCA Radial to PDA 44.74 1.10 69.11 

         228.20 

         

 LAD RIMA to LAD 54.75 1.95 102.49 

11 CIRC  LIMA to OM1 40.91 1.75 58.57 

 RCA Radial to PDA 46.23 1.48 70.48 

         231.54 

         

 LAD LIMA to LAD 51.13 1.10 102.43 

12 CIRC  RIMA to OM1 44.99 1.52 61.84 

 RCA Radial to PDA 38.51 1.05 63.50 

         227.77 

(D) 

Figure C1 Predicted hemodynamic flows for Patient A 

(cont.) 
(D) Anaortic configurations with predicted graft indices and myocardial perfusion 
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PATIENT B 

 

 

 

(A) 

(B) 

 

CONFIGURATION  Region Graft  

Mean 

Graft 

Flow 

(ml/min) 

Pulsatility 

Index 

Regional 

Perfusion 

(ml/min) 

  LAD LIMA to LAD 37.92 1.33 115.87 

1 CIRC  RIMA to OM1 14.20 4.90 60.18 

  RCA RIMA to PDA 49.37 0.76 67.90 

          243.96 

          

  LAD LIMA to LAD 40.61 1.48 116.92 

2 CIRC  RIMA to OM1 19.57 3.58 61.39 

  RCA Radial to PDA 51.12 0.85 69.57 

          247.88 

          

  LAD LIMA to LAD 40.57 1.49 116.95 

3 CIRC  Radial to OM1 27.92 2.73 63.32 

  RCA RIMA to PDA 45.11 0.92 63.87 

          244.15 

          

  LAD RIMA to LAD 36.81 1.61 115.50 

4 CIRC  LIMA to OM1 20.02 3.68 61.51 

  RCA Radial to PDA 51.12 0.85 69.57 

          246.58 

(C) 

Figure C2 Predicted hemodynamic flows for Patient B 
(A) Coronary tree diagram with site of grafting encircled blue (B) iFR, FFR of stenoses and myocardial perfusion 

due to stenoses and in theoretical circulation with no stenoses (C) Aortic configurations with predicted graft 

indices and myocardial perfusion (red indicates PI >5 or graft flow < 15 ml/min; blue indicates PI > 3 for left-

sided graft) 

Stenosis 

Location 

Stenosis 

Length 

(cm) 

% 

Diameter 

Stenosis 

iFR FFR 

Region 

Regional 

Perfusion 

(ml/min) 

No disease 

(ml/min) 

LAD 0.9 95 0.85 0.76 LAD 101.12 116.91 

OM1 2 75 0.86 0.77 CIRC 56.76 60.97 

RCA 1.8 99 0.23 0.34 RCA 21.05 74.36 

          Total  178.92 252.24 
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CONFIGURATION Region Graft  

Mean 

Graft 

Flow 

(ml/min) 

Pulsatility 

Index 

Regional 

Perfusion 

(ml/min) 

 LAD LIMA to LAD 37.45 1.34 115.70 

5 CIRC  Radial to OM1 16.54 4.92 60.69 

 RCA RIMA to PDA 45.11 0.92 63.87 

         240.26 

          

 LAD LIMA to LAD 40.63 1.49 116.89 

6 CIRC  RIMA to OM1 13.67 5.20 60.05 

 RCA Radial to PDA 48.41 0.94 67.01 

         243.95 

          

 LAD LIMA to LAD 31.14 1.64 113.26 

7 CIRC  RIMA to OM1 4.52 16.44 57.93 

 RCA Radial to PDA 44.38 0.84 63.17 

         234.36 

          

 LAD LIMA to LAD 32.68 1.56 113.83 

8 CIRC  RIMA to OM1 41.15 1.47 57.25 

 RCA RIMA to PDA 39.62 0.68 58.66 

         229.74 

          

 LAD LIMA to LAD 40.68 1.48 116.83 

9 CIRC  Radial to OM1 0.68 114.35 57.06 

 RCA RIMA to PDA 45.60 1.21 63.71 

         237.61 

          

 LAD LIMA to LAD 40.68 1.48 116.84 

10 CIRC  RIMA to OM1 44.59 1.31 57.27 

 RCA Radial to PDA 43.04 0.63 61.91 

         236.02 

          

 LAD RIMA to LAD 58.93 1.41 109.01 

11 CIRC  LIMA to OM1 10.71 6.86 59.32 

 RCA Radial to PDA 39.02 0.93 58.10 

         226.43 

          

 LAD LIMA to LAD 54.69 1.05 109.82 

12 CIRC  RIMA to OM1 19.59 3.57 61.37 

 RCA Radial to PDA 27.02 0.87 46.70 

         217.90 

(D) 

Figure C2 Predicted hemodynamic flows for Patient B (cont.) 
(D) Anaortic configurations with predicted graft indices and myocardial perfusion 
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PATIENT C 

 

 

 

(A) 

(B) 

CONFIGURATION  Region Graft  

Mean 

Graft 

Flow 

(ml/min) 

Pulsatility 

Index 

Regional 

Perfusion 

(ml/min) 

  LAD LIMA to LAD 26.73 1.41 91.18 

1 CIRC  RIMA to OM1 34.10 2.05 85.51 

  RCA RIMA to PDA 28.57 1.02 75.99 

          252.69 

          

  LAD LIMA to LAD 31.25 1.43 92.88 

2 CIRC  RIMA to OM1 36.19 1.89 86.48 

  RCA Radial to PDA 29.32 1.24 76.53 

          255.89 

          

  LAD LIMA to LAD 31.18 1.43 92.95 

3 CIRC  Radial to OM1 50.41 1.39 92.86 

  RCA RIMA to PDA 26.72 1.34 74.69 

          260.51 

          

  LAD RIMA to LAD 29.24 1.53 92.15 

4 CIRC  LIMA to OM1 37.17 1.93 86.93 

  RCA Radial to PDA 29.32 1.24 76.53 

          255.60 

(C) 

Figure C3 Predicted hemodynamic flows for Patient C 
(A) Coronary tree diagram with site of grafting encircled blue (B) iFR, FFR of stenoses and myocardial perfusion 

due to stenoses and in theoretical circulation with no stenoses (C) Aortic configurations with predicted graft 

indices and myocardial perfusion (red indicates PI >5 or graft flow < 15 ml/min; blue indicates PI > 3 for left-

sided graft) 

Stenosis 

Location 

Stenosis 

Length 

(cm) 

% 

Diameter 

Stenosis 

iFR FFR 

Region 

Regional 

Perfusion 

(ml/min) 

No disease 

(ml/min) 

LAD1 0.5 40 0.99 0.85 LAD 80.83 90.49 

LAD2 1.1 85 0.84 0.75 CIRC 69.64 83.57 

CIRC1 0.4 30 1.00 0.86 RCA 55.52 70.50 

 CIRC2 0.8 75 0.82 0.74 Total  205.99 244.56 

RCA1 0.9 45 0.98 0.85       

RCA2 2 90 0.53 0.54       
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CONFIGURATION Region Graft  

Mean 

Graft 

Flow 

(ml/min) 

Pulsatility 

Index 

Regional 

Perfusion 

(ml/min) 

 LAD LIMA to LAD 26.03 1.48 90.95 

5 CIRC  Radial to OM1 39.23 2.05 87.80 

 RCA RIMA to PDA 26.72 1.34 74.69 

         253.44 

          

 LAD LIMA to LAD 31.26 1.43 92.86 

6 CIRC  RIMA to OM1 32.99 2.11 85.04 

 RCA Radial to PDA 27.05 1.35 74.92 

         252.82 

          

 LAD LIMA to LAD 24.17 1.56 90.20 

7 CIRC  RIMA to OM1 29.76 2.44 83.54 

 RCA Radial to PDA 23.94 1.40 72.71 

         246.44 

          

 LAD LIMA to LAD 24.75 1.52 90.40 

8 CIRC  RIMA to OM1 49.44 1.29 82.86 

 RCA RIMA to PDA 21.22 1.32 70.78 

         244.04 

          

 LAD LIMA to LAD 31.30 1.43 92.82 

9 CIRC  Radial to OM1 24.68 2.89 81.28 

 RCA RIMA to PDA 47.96 1.11 72.28 

         246.38 

          

 LAD LIMA to LAD 31.25 1.43 92.88 

10 CIRC  RIMA to OM1 36.19 1.90 86.48 

 RCA Radial to PDA 29.87 1.03 76.93 

         256.29 

          

 LAD RIMA to LAD 41.47 2.06 88.56 

11 CIRC  LIMA to OM1 31.87 2.26 84.45 

 RCA Radial to PDA 21.78 1.68 71.18 

         244.19 

          

 LAD LIMA to LAD 36.45 1.23 89.35 

12 CIRC  RIMA to OM1 36.20 1.89 86.47 

 RCA Radial to PDA 9.92 3.03 62.69 

         238.52 

(D) 

Figure C3 Predicted hemodynamic flows for Patient C (cont.) 
(D) Anaortic configurations with predicted graft indices and myocardial perfusion 
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PATIENT D 

 

 

 

(A) 

 

(B)  

CONFIGURATION  Region Graft  

Mean 

Graft 

Flow 

(ml/min) 

Pulsatility 

Index 

Regional 

Perfusion 

(ml/min) 

  LAD LIMA to LAD 38.82 0.99 98.88 

1 CIRC  RIMA to OM2 30.07 2.75 74.26 

  RCA RIMA to PDA 46.88 0.83 78.67 

          251.81 

          

  LAD LIMA to LAD 42.99 1.07 100.95 

2 CIRC  RIMA to OM2 34.49 2.32 76.03 

  RCA Radial to PDA 49.71 1.04 80.24 

          257.23 

          

  LAD LIMA to LAD 42.51 1.08 101.54 

3 CIRC  Radial to OM2 49.54 1.77 81.47 

  RCA RIMA to PDA 40.79 1.26 75.23 

          258.24 

          

  LAD RIMA to LAD 39.95 1.15 99.69 

4 CIRC  LIMA to OM2 35.61 2.37 76.31 

  RCA Radial to PDA 49.71 1.04 80.24 

          256.24 

(C) 

Figure C4 Predicted hemodynamic flows for Patient D 
(A) Coronary tree diagram with site of grafting encircled blue (B) iFR, FFR of stenoses and myocardial perfusion 

due to stenoses and in theoretical circulation with no stenoses (C) Aortic configurations with predicted graft 

indices and myocardial perfusion (red indicates PI >5 or graft flow < 15 ml/min; blue indicates PI > 3 for left-

sided graft) 

 

Stenosis 

Location 

Stenosis 

Length 

(cm) 

% 

Diameter 

Stenosis 

iFR FFR 

Region 

Regional 

Perfusion 

(ml/min) 

No disease 

(ml/min) 

LMCA 1.2 80 0.89 0.79 LAD 79.88 94.54 

LAD 0.8 75 0.94 0.82 CIRC 61.31 71.72 

RCA2 1.5 95 0.56 0.56 RCA 51.84 81.55 

 PLB 1 30 0.95 0.83 Total  193.04 247.81 
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CONFIGURATION Region Graft  

Mean 

Graft 

Flow 

(ml/min) 

Pulsatility 

Index 

Regional 

Perfusion 

(ml/min) 

 LAD LIMA to LAD 37.93 1.03 98.75 

5 CIRC  Radial to OM2 35.10 2.78 76.04 

 RCA RIMA to PDA 40.79 1.26 75.23 

         250.02 

          

 LAD LIMA to LAD 43.17 1.07 100.73 

6 CIRC  RIMA to OM2 28.88 2.78 74.02 

 RCA Radial to PDA 43.91 1.31 76.99 

         251.74 

          

 LAD LIMA to LAD 35.07 1.07 96.82 

7 CIRC  RIMA to OM2 22.40 3.87 71.32 

 RCA Radial to PDA 35.80 1.28 72.42 

         240.55 

          

 LAD LIMA to LAD 36.31 1.04 97.28 

8 CIRC  RIMA to OM2 49.84 1.46 70.84 

 RCA RIMA to PDA 28.95 1.04 68.53 

         236.66 

          

 LAD LIMA to LAD 43.54 1.06 100.27 

9 CIRC  Radial to OM2 17.34 4.94 69.87 

 RCA RIMA to PDA 53.14 1.12 72.43 

         242.58 

          

 LAD LIMA to LAD 43.45 1.06 100.39 

10 CIRC  RIMA to OM2 53.22 1.23 70.93 

 RCA Radial to PDA 33.00 0.99 70.83 

         242.15 

          

 LAD RIMA to LAD 57.17 1.55 94.37 

11 CIRC  LIMA to OM2 27.34 3.14 72.82 

 RCA Radial to PDA 28.33 1.69 68.18 

         235.37 

          

 LAD LIMA to LAD 48.58 1.03 97.29 

12 CIRC  RIMA to OM2 34.58 2.32 75.96 

 RCA Radial to PDA 10.53 2.61 57.97 

         231.22 

(D) 

Figure C4 Predicted hemodynamic flows for Patient D (cont.) 
(D) Anaortic configurations with predicted graft indices and myocardial perfusion 
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PATIENT E 

 

 

 

(A) 

(B) 

 

CONFIGURATION  Region Graft  

Mean 

Graft 

Flow 

(ml/min) 

Pulsatility 

Index 

Regional 

Perfusion 

(ml/min) 

  LAD LIMA to LAD 10.77 7.11 88.99 

1 CIRC  RIMA to OM2 43.34 1.67 76.51 

  RCA RIMA to PDA 34.16 1.82 70.98 

          236.48 

          

  LAD LIMA to LAD 24.47 2.98 90.80 

2 CIRC  RIMA to OM2 42.79 1.68 75.95 

  RCA Radial to PDA 36.60 2.03 71.88 

          238.63 

          

  LAD LIMA to LAD 24.47 2.98 90.80 

3 CIRC  Radial to OM2 50.40 1.50 83.53 

  RCA RIMA to PDA 29.02 2.07 69.07 

          243.40 

          

  LAD RIMA to LAD 21.09 3.21 90.37 

4 CIRC  LIMA to OM2 43.41 1.74 76.60 

  RCA Radial to PDA 36.60 2.03 71.88 

          238.84 

(C) 

Figure C5 Predicted hemodynamic flows for Patient E 
(A) Coronary tree diagram with site of grafting encircled blue (B) iFR, FFR of stenoses and myocardial perfusion 

due to stenoses and in theoretical circulation with no stenoses (C) Aortic configurations with predicted graft 

indices and myocardial perfusion (red indicates PI >5 or graft flow < 15 ml/min; blue indicates PI > 3 for left-

sided graft) 

Stenosis 

Location 

Stenosis 

Length 

(cm) 

% 

Diameter 

Stenosis 

iFR FFR 

Region 

Regional 

Perfusion 

(ml/min) 

No disease 

(ml/min) 

LAD 1.6 90 0.93 0.81 LAD 87.48 95.95 

OM2 1.2 99 0.29 0.38 CIRC 33.27 61.69 

RCA 1.5 90 0.73 0.68 RCA 57.83 71.40 

            178.59 229.04 
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CONFIGURATION Region Graft  

Mean 

Graft 

Flow 

(ml/min) 

Pulsatility 

Index 

Regional 

Perfusion 

(ml/min) 

 LAD LIMA to LAD 9.78 8.40 88.85 

5 CIRC  Radial to OM2 46.51 1.69 79.64 

 RCA RIMA to PDA 29.02 2.08 69.06 

         237.55 

          

 LAD LIMA to LAD 24.47 2.98 90.80 

6 CIRC  RIMA to OM2 40.95 1.75 74.10 

 RCA Radial to PDA 29.37 2.46 69.18 

         234.08 

          

 LAD LIMA to LAD 4.11 18.48 88.10 

7 CIRC  RIMA to OM2 41.81 1.76 74.95 

 RCA Radial to PDA 22.77 2.65 66.68 

         229.73 

          

 LAD LIMA to LAD 6.31 11.33 88.40 

8 CIRC  RIMA to OM2 57.54 1.21 74.82 

 RCA RIMA to PDA 15.87 2.59 64.04 

         227.26 

          

 LAD LIMA to LAD 24.47 2.98 90.80 

9 CIRC  Radial to OM2 37.41 1.97 70.56 

 RCA RIMA to PDA 54.42 1.34 64.49 

         225.85 

          

 LAD LIMA to LAD 24.47 2.98 90.80 

10 CIRC  RIMA to OM2 54.85 1.16 72.72 

 RCA Radial to PDA 15.29 3.04 63.81 

         227.33 

          

 LAD RIMA to LAD 18.02 4.17 86.77 

11 CIRC  LIMA to OM2 42.85 1.72 75.99 

 RCA Radial to PDA 23.14 1.97 66.84 

         229.60 

          

 LAD LIMA to LAD 23.83 3.05 92.09 

12 CIRC  RIMA to OM2 42.79 1.68 75.95 

 RCA Radial to PDA -2.99 9.80 56.71 

         224.76 

(D) 

Figure C5 Predicted hemodynamic flows for Patient E (cont.) 
(D) Anaortic configurations with predicted graft indices and myocardial perfusion
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