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ABSTRACT 

Coronary artery disease is the leading cause of death in the UK. The studies in this 

thesis aim to influence the design of new biomaterials and medical devices used to treat 

coronary artery disease through the characterisation of left anterior descending (LAD) 

coronary arteries. 

The mechanical properties of arteries were quantified using dynamic mechanical 

analysis, at physiological relevant frequencies. The surface roughness of porcine LAD 

coronary arteries was quantitatively measured using optical, scanning electron (SEM) and 

atomic force microscopy at various magnifications to assess its multi-scale characteristics. 

Further, the effect of damage to surface roughness of biological tissue was investigated due 

to mechanical overloading and chemical processing, with a correction factor presented for 

the changes to surface roughness due to processing techniques associated with SEM. 

This thesis found LAD arteries to be viscoelastic, with a frequency-dependent storage 

moduli that does not vary along the length of the artery. Processing of tissue caused a 

significant increase in surface roughness, which must be considered for different microscopy 

techniques. The dehydration process had a greater effect on surface roughness than 

mechanical damage. The mechanical and surface roughness properties presented in this 

thesis can be specified for biomaterials to replicate natural, healthy coronary arteries. 
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1 INTRODUCTION 

Cardiovascular disease (CVD) is the leading cause of mortality worldwide (World 

Health Organisation, 2017). CVD healthcare costs in the UK were £11.3 billion in 2014 

(Centre for Economic and Business Research, 2014). In the UK, coronary heart disease (CHD) 

was the biggest single cause of death, resulting in over 69,000 deaths in 2015 (British Heart 

Foundation, 2017). In the USA, CHD was the underlying cause of death in 1 out of every 7 

deaths in 2011, with direct and indirect costs associated with heart disease estimated at 

$204.4 billion in 2010 (Mozaffarian et al., 2015). Treatment of CHD is not always successful, 

and complications such as restenosis or thrombosis can occur. 

The aim of this thesis was to characterise properties of coronary arteries that would 

aid in the development of medical treatments for coronary artery disease. This would be 

achieved by: 

 Quantifying the surface roughness of coronary arteries 

 Acquiring the mechanical properties of coronary arteries 

 Assessing the effect of damage on surface roughness of coronary arteries 

This thesis investigates the mechanical and surface roughness properties of coronary 

arteries, specifically along the left anterior descending (LAD) artery. The LAD artery supplies 

the left hand side of the heart, responsible for pumping blood around the body. The LAD 

artery is commonly referred to as the ‘widow maker’, as an occlusion at the beginning of the 

LAD artery will often result in death (Ahmed, 2015). 
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Characterisation and quantification of these mechanical and surface roughness 

properties can be combined to model disease of coronary arteries through computational 

simulation. The measurements can provide a standard for bio-inspired materials to adhere 

to, ensuring physiological similarity to native tissue. These properties are important for the 

development of clinical treatments through novel designs of vascular implants (e.g. stents 

and grafts) and tissue engineered replacements (Holzapfel et al., 2005). In the design of 

blood pumps, for example, surface roughness affects the coagulation properties of blood, 

which can increase the possibility for blood clot formation (Linneweber et al., 2007). 

Currently, there are no studies that provide quantitative data of surface roughness for 

coronary arteries, and the dynamic viscoelastic mechanical properties of coronary arteries 

have not been investigated. 

A porcine model is used in this thesis due to the physiological similarity to the human 

heart anatomy (Ozolanta et al., 1998; Van Andel, Pistecky, and Borst, 2003). No animals 

were specifically sacrificed for this study; all hearts were supplied by Fresh Tissue Supplies 

(Horsham, UK). Ethical approval was granted for this study by the University of Birmingham 

Research Support Group, [ERN_15-0032]. 

Chapter 2 presents background research pertinent to this thesis, including an 

introduction to the cardiovascular system and CHD. Surgical interventions are discussed, 

including percutaneous coronary intervention and coronary artery bypass grafting. Further, 

mechanical properties of materials are discussed, and surface roughness characterisation. 

Chapter 3 discusses the process of imaging LAD coronary arteries to enable 

quantification of surface roughness. To enable imaging, specimens are dehydrated using a 
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chemical processing protocol, for which a correction factor is calculated. General methods 

relevant to further chapters within this thesis are also presented, including dissection, tissue 

processing and optical imaging. The work presented in this chapter is published as two 

papers. The surface roughness measurement technique of LAD coronary artery was 

accompanied by mechanical testing presented in chapter 7 as one paper, which was 

published in the journal Cardiovascular Engineering and Technology, entitled ‘Dynamic 

viscoelasticity and surface properties of porcine left anterior descending coronary arteries’; 

2017, volume 8, issue 1, pages 41-56. This work was also presented at the 22nd Congress of 

the European Society of Biomechanics – Lyon, 2016, thanks to a travel grant provided by the 

Institution of Mechanical Engineers. The effect of chemical processing on LAD coronary 

artery was published as a separate paper in the journal Micron, entitled ‘Effects of freezing, 

fixation and dehydration on surface roughness properties of porcine left anterior descending 

coronary arteries’; 2017, volume 101, pages 78-86. 

Chapter 4 presents a multiscale analysis of the surface roughness of LAD coronary 

arteries, using optical, scanning electron and atomic force microscopy. Surface roughness is 

analysed at a micro- and nano-scale, and a comparison of both microscopy technique and 

magnification is considered. 

Chapter 5 studies the dynamic viscoelasticity of LAD coronary arteries. This work 

complemented the surface roughness results in chapter 3 in characterisation of coronary 

arteries, and was published alongside these results in the ‘Dynamic viscoelasticity and 

surface properties of porcine left anterior descending coronary arteries’ paper. Additionally, 
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to replicate disease in coronary arteries and understand its effect the characteristics of 

arteries, mechanical damage was inflicted on specimens and surface roughness measured. 

Chapter 6 provides a general discussion and conclusion to this thesis, and discusses 

how the findings presented could be applied to future work. 
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2 BACKGROUND 

2.1 OVERVIEW 

This chapter describes the background areas surrounding this thesis. The main topics 

discussed include the cardiovascular system (section 2.2), surface roughness (section 2.3) 

and mechanical properties (section 2.4). The aim of this chapter is to guide the reader 

through the research themes, and to help understand how the findings of this thesis 

cumulate. Briefly, disease within the cardiovascular system is explained in section 2.2.5, with 

medical interventions to cure these diseases highlighted (section 2.2.6). 

 

2.2 CARDIOVASCULAR SYSTEM 

2.2.1 Blood 

The role of the cardiovascular system is to transport blood around the body. An adult 

male human body, on average, contains 5 litres of blood (Starr and Taggart, 1989). Blood is 

made up of red blood cells, white blood cells and platelets (figure 2. 1). Red blood cells 

(erythrocytes) deliver oxygen to tissues within the body (Turgeon, 2005), whereas the 

principal role of white blood cells (leukocytes) is to fight disease in the body (Maton et al., 

1997). Platelets (thrombocytes) contribute to the coagulation properties of blood, clotting 

blood vessels when there is injury (Laki, 1972). The blood plasma, which suspends these 

cells, transports nutrients to tissue in the body, and transports waste away (University of 

Rochester Medical Center, 2017).  
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Figure 2. 1 – Scanning electron microscopy image of (from left to right) red blood cell, platelet and 

white blood cell. Image by Electron Microscopy Facility at The National Cancer Institute at Frederick, freely 
available in the public domain (EDinformatics, 1999). 

 

2.2.2 Heart 

Blood is pumped around the cardiovascular system by the heart. The heart is a 

muscular organ, with its walls comprising of an endocardium, myocardium and epicardium 

(figure 2. 2) (Betts et al., 2013). The myocardium is the thickest layer of the heart wall, and is 

comprised mainly of muscle cells built on collagenous fibres. The myocardium is also the 

layer of heart tissue that contains the coronary circulatory system, which supplies blood to 

the heart tissue (section 2.2.4). The endocardium layer of the heart is in contact with the 

blood, and is comprised of endothelial cells. The heart muscle is in diastole when it relaxes, 

allowing blood to flow into the heart and ventricles. Systole occurs when the heart contracts, 

squeezing the blood out of the ventricles (figure 2. 3).  
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Figure 2. 2 – Internal structure of heart. Image by OpenStax College, available under Create Commons 

Attribution 3.0. (Betts et al., 2013). 

 

The right side of the heart pumps deoxygenated blood to the lungs, and the left side 

of the heart pumps oxygenated blood around the body (figure 2. 5). Thus, the evolution of 

the heart has created much thicker muscle tissue on the left side of the heart due to the 

increased forces needed to pump blood around the body. During diastole, blood fills the 

right and left ventricles by passing through the tricuspid and mitral valves, respectively. As 

the ventricle contracts during systole, the tricuspid and mitral valves close with the back 

pressure of blood, thus ensuring blood flows in the correct direction. The blood exits the 

ventricles through the pulmonary and aortic valves. Pressure within the heart is shown in 

figure 2. 4, with the recognisable “lub” and “dub” sounds associated with a healthy heart 

beat (Betts et al., 2013). 
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Figure 2. 3 – Diastole and systole of heart. Image by Mariana Ruiz Villarreal, freely available in the 

public domain (BiologyGuide, 2012). 

 

 
Figure 2. 4 – Wiggers diagram - cardiovascular cycle of pressure over time in the left ventricle. AV 

(atrioventricular) valves - tricuspid and mitral. Semilunar valves – aortic and pulmonary. Image by OpenStax 
College, available under Create Commons Attribution 3.0. (Betts et al., 2013). 
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2.2.3 Bloods vessels 

Blood travels away from the heart in arteries and returns in veins (figure 2. 5). The 

system within the body that contains the heart, arteries and veins is called the 

cardiovascular, or circulatory, system. Arteries and veins are comprised of three layers, the 

tunica adventitia (also known as tunica externa), tunica media and tunica intima (figure 2. 6) 

(Betts et al., 2013). The tunica adventitia is primarily made of collagen fibres, with some 

elastic fibres, to form the connective tissue. The tunica media layer comprises of smooth 

muscle cells, supported by elastic fibres aligned circumferentially in sheets. However, 

towards the outer layer of the tunica media the muscle tends to be aligned more 

longitudinally. The tunica intima is in contact with the blood, and is comprised of endothelial 

cells. Veins have the same three structural layers, however the media layer is much thinner. 

Connecting the arteries and veins are capillary networks (figure 2. 5).  
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Figure 2. 5 – The cardiovascular system supplying oxygenated blood from the heart to the body, and 

delivering deoxygenated blood back to the heart. Breakout of heart showing blood flow within the heart, the 
right side (blue) receiving deoxygenated blood and pumping to the lungs and the left side (red) pumping 
oxygenated blood around the body. Image by OpenStax College, available under Create Commons Attribution 
3.0. (Betts et al., 2013). 
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Figure 2. 6 – Cross sectional view of an artery and vein. Image by OpenStax College, available under 

Create Commons Attribution 3.0. (Betts et al., 2013). 

 

2.2.4 Coronary circulatory system 

The heart muscle has its own vessels to supply blood to the myocardium, called the 

coronary circulation system (figure 2. 7). The coronary arteries supply oxygenated blood to 

the heart muscle, and therefore these arteries are required to cover a large surface area of 

the heart. The arteries are split into two trees, the left and right coronary arteries. The 

arteries begin at the start of the aorta, receiving a supply of the highest oxygenated blood 

from the heart (figure 2. 7). The right coronary artery supplies both ventricles, the right 

atrium, and the sinoatrial node. The left coronary artery supplies both ventricles and the left 

atrium (Betts et al., 2013). However, due to natural variation the exact supply to certain 

areas of the heart can vary from patient to patient (Mazur et al., 2013). After supplying 

blood to the myocardium, the coronary circulatory systems returns blood to the heart via 

the coronary veins. After circulating the body, deoxygenated blood enters the heart through 
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the superior and inferior venae cavae, whereas oxygenated blood returns from the lungs 

through the pulmonary veins (figure 2. 5). 

 
Figure 2. 7 - Coronary circulation system. Image by OpenStax College, available under Creative 

Commons Attribute 3.0 (Betts et al., 2013). 

 

2.2.5 Coronary heart disease 

Coronary heart disease (CHD) is the leading cause of mortality worldwide (Townsend 

et al., 2015). In 2015, over 69,000 deaths and over half a million inpatient episodes were due 

to CHD in the UK (British Heart Foundation, 2017). CHD is caused by a restriction in coronary 
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artery blood flow due to narrowing of the arteries (stenosis) associated with atherosclerosis 

(figure 2. 8). Ischaemia is when the blood supply is restricted to tissue, through tissue 

disease, arteriosclerosis (thickening/hardening of the arterial walls, including 

atherosclerosis) and embolisms, which can result in a myocardial infarction (heart attack) 

and potentially death. Irreversible cell death (necrosis) can occur in the heart muscle if 

inadequate oxygen is delivered to the cells (National Heart, 2016), preventing the heart from 

pumping blood effectively around the body. 

 
Figure 2. 8 – Atherosclerosis progression. Image by Graham Childs, available under Creative Commons 

Attribute 3.0 (Pescador, 2014). 
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All arteries within the body can suffer from atherosclerosis, but it is more prevalent 

in those that supply blood to the heart, brain and legs, known as the coronary, carotid and 

peripheral respectively. The build-up of atheroma begins from a young age, with studies 

noticing the fatty material in patients as young as teenagers in their second decade of life 

(Ylä-Herttuala et al., 1986).  

Atherosclerosis is the build-up of plaque on artery walls, causing narrowing of vessels 

(Ross, 1999). A type I lesion (initial lesion - figure 2. 8) is identifiable by an increase in the 

number of intimal macrophages (a type of white blood cell) (Stary et al., 1994). The 

macrophages ‘eat’ the low-density lipoproteins (‘bad’ cholesterol), a process known as 

phagocytosis. They can become overloaded by the lipoprotein and form foam cells, and an 

accumulation of lipids (Stary et al., 1994). A type II lesion (fatty streak - figure 2. 8) contains 

layers of macrophage foam cells and lipid droplets (Ayyappan, Paul, and Goo, 2016). Type III 

lesions (intermediate lesion - figure 2. 8) contain pools of lipid, in addition to the foam cells 

and lipid droplets. At this point, atheroma (type IV lesions) can form (figure 2. 8), which 

contain a lipid core. The atheroma is recognised as a foreign body by the immune system 

and so inflammation occurs. In an attempt to repair itself the artery seals the atheroma by a 

fibrous cap (type V lesion; fibroatheroma - figure 2. 8), which over time forms plaque. A 

snowballing effect occurs where the plaque within the artery encourages more atheroma to 

build-up, causing more inflammation to the area. The core becomes necrotic if the foam 

cells die, creating further inflammation in the area and attracting more white blood cells. As 

the atherosclerosis increases and plaques harden, the artery becomes more occluded 

(National Heart, 2016). 
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A vulnerable plaque may rupture eventually, removing the barrier between blood 

and the fatty core. The thrombogenic core is released and thrombus formation occurs at the 

rupture site. The blood clots further occlude the artery. Occasionally clots can become 

dislodged and travel along the blood stream, in severe cases resulting in myocardial 

infarction or a stroke (Bentzon et al., 2014). 

2.2.6 Medical intervention 

Coronary artery disease is normally treated through either percutaneous coronary 

intervention (PCI) or coronary artery bypass grafting (CABG) surgery. These may require the 

use of a stent or an appropriate blood vessel respectively. Medical intervention can reduce 

the likelihood of a myocardial infarction with procedures such as angioplasty or stent 

insertion to reopen the artery, or creating a bypass for blood flow to avoid blockages. More 

than 92,000 PCI procedures are carried out annually in the UK, and just under 17,000 CABG 

procedures are performed (Townsend et al., 2015). In total, £6.8 billion was spent by the 

National Health Service (NHS) in the UK in 2012/13 on treating CVD, for both primary and 

secondary care (Townsend et al., 2014). CVD includes CHD, strokes, peripheral artery disease 

and aortic disease. Although only £1.6 billion of this expenditure is designated as treatment 

for CHD, the actual cost of CHD is expected to be significantly greater. This is due to the error 

in the collection of data by the NHS, where different geographical areas use different 

categories for documenting CVD treatment. Therefore, in some regions CHD care falls under 

the category of ‘other CVD’, which in total has an expenditure of £4.4 billion. Additionally, 

the cost to the UK is significantly greater if the loss of production due to morbidity and 

mortality is considered, and also the cost of additional care provided by individuals. Loss of 
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production alone costs the UK a further £6 billion, and £3.8 billion in informal care 

(Townsend et al., 2014).  

2.2.6.1 Coronary artery bypass grafting 

CABG uses an alternative blood vessel to circumvent a blocked coronary artery 

(figure 2. 9). Natural tissue grafts have the most successful results compared to artificial 

alternatives, as they most closely match the mechanical and physical properties of the area 

(Endo, 2000). This is especially the case if the graft has come from an alternate vein of the 

same patient, being less likely to be rejected by the body. However, it is not always possible 

to find a healthy donor graft, and sometimes the patient’s vein is not suitable, therefore a 

synthetic alternate may be chosen (Desai, Seifalian, and Hamilton, 2011). 

 
Figure 2. 9 – CABG. Image by Bruce Blaus, available under Creative Commons Attribute 4.0 (Howlett, 

2016). 
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Although CABG was popularised in the mid-1960s by René Favaloro (Head et al., 

2013), the first CABG procedure was performed in 1962 by David C. Sabiston with a human 

autogenous saphenous vein graft, although the patient died 3 days after surgery (Cheng, 

2012). Vasilii Kolesov used an internal mammary artery for CABG in 1964, and he is cited as 

performing the first successful CABG procedure (Head et al., 2013). 

Internal mammary artery or radial artery most commonly chosen for CABG (Mohr et 

al., 2011), as venous grafts have demonstrated early failure (Fitzgibbon, Burton, and Leach, 

1978). Various synthetic grafts have been explored, including Gore-Tex grafts that were 

investigated in 1978, but they were associated with high thrombogenicity and poor patency 

rates (Molina, Carr, and Yarnoz, 1978). More successfully, expanded polytetrafluoroethylene 

and woven polyethylene terephthalate are used for synthetic coronary artery grafts 

currently (Desai, Seifalian, and Hamilton, 2011). There is also interest in the use of 

biopolymers for creating grafts, such as chitosan or cellulose. Altering the ratio of 

biopolymer can create a material with compliance similar to that of coronary artery 

(Azevedo et al., 2013). The range of Young’s modulus in Azevedo’s study varied from 0.65 to 

1.35 MPa, which is within the range measured for human arteries in other studies (table 2. 

3). 

2.2.6.2 Percutaneous coronary intervention 

PCI involves a blocked artery being reopened to allow blood to flow naturally, usually 

by inflating a device similar to a balloon within the artery, known as an angioplasty (figure 2. 

10). This compresses the plaque to the walls of the artery, and once the inflating device has 

been removed the artery remains open (Newsome, Kutcher, and Royster, 2008). The first 
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coronary angioplasty was performed by Grüentzig and Myler in 1977 (Mueller and Sanborn, 

1995). Angioplasty is prone to restenosis (the reoccurrence of stenosis), due to damage 

caused by the procedure. Inflation of the vessel can cause elastic recoil in 25-30% of 

patients, resulting in narrowing of vessels at around 6 months. In more extreme cases, 

restenosis can occur within 24 hours of surgery due to vessel dissection or thrombus 

formation (Hamid and Coltart, 2007). Therefore, angioplasty is normally coupled with the 

insertion of a stent to reduce the likelihood of restenosis (Fowkes and Gillespie, 1998). 

A stent is inserted into an artery as part of a PCI to maintain the lumen diameter 

(figure 2. 10). Original designs of stents by Alex Carrel in 1912 included paraffin covered glass 

and metal tubes (Newsome, Kutcher, and Royster, 2008). The first stent, reported by Wright, 

was a stainless steel implant with a zig zag shape, which was implanted into dogs (Wright et 

al., 1985). In 1986, Jacques Puel implanted the first self-expanding stent into humans 

(Sigwart et al., 1987). This design of stent is known as a bare metal stent (BMS) and is similar 

to modern stents. A BMS is a mesh tube that is usually expanded by inflating a balloon once 

it has been positioned at the desired site. The balloon is then removed leaving the stent in 

an expanded position, which opens the artery and allows blood to flow freely (Song, Kim, 

and Yoon, 2013). Both the expanded and compressed states of a stent are displayed in figure 

2. 11. Stenting reduces the rate of restenosis by 10% compared to angioplasty alone (Hamid 

and Coltart, 2007).  
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Figure 2. 10 – Coronary angioplasty and stent placement. Image by National Institutes of Health, freely 

available in the public domain (Schmidler, 2017). 

 

Damage to an artery associated with angioplasty was reported by the NHS to occur in 

less than one in every 100 cases due to sheath insertion, and in one in every 350 cases 
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damage was caused to an artery in the heart (HealthUnlocked, 2015). In addition to damage 

caused by angioplasty, inserting a stent can inflict damage to the surface of arteries due to 

the struts in stent design (figure 2. 11). This damage can cause an inflammatory response, 

with early thrombosis seen within the first few hours, and neointimal hyperplasia occurring a 

few months, following surgery. 

Thrombosis is a complication associated with stents that is manageable with 

antiplatelet therapy (Coolong and Mauri, 2006). Thus, the primary complication now 

associated with BMS is re-occlusion due to neointimal hyperplasia (cell proliferation over 

stent), an inflammatory response to damage of the wall during stent placement. This has led 

to the development of drug eluting stents (DES), where the BMS is coated with an 

antiproliferative or anti-inflammatory drug, which shows the potential to reduce the rate of 

restenosis. DES are either formed through the addition of a biodegradable coating that 

releases a drug whilst in situ, or through the use of texturing to attach the drug directly to 

the surface (O’Brien et al., 2016). Microporous surfaces allow for drug attachment (Tada et 

al., 2010), as do specially created reservoirs on the surface (Krucoff et al., 2008). There is also 

a large interest in biodegradable materials, which would eventually leave the coronary 

artery with no foreign body within the lumen (Boland, Grogan, and McHugh, 2017; Zhu et 

al., 2017), thus decreasing complications associated with restenosis further. Neointimal 

hyperplasia is still a major concern for PCI, as despite progressions in stent design, DES have 

only reduced rates of restenosis to less than 5% (Hamid and Coltart, 2007). 
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Figure 2. 11 – Stent in expanded (left) and compressed (right) state. Image by Frank C. Müller, 

available under Creative Commons Attribute 2.5 (Müller, 2008). 

 

2.2.7 Endothelium 

The endothelium of blood vessels is in contact with blood flowing through the 

cardiovascular system. The endothelial cells align and elongate in the direction of fluid flow 

(Eskin et al., 1984). In addition to providing a barrier function allowing nutrients and waste 

products to permeate, the vascular endothelial cells that line the vessels are non-

thrombogenic. The design of medical devices, such as blood pumps, have evaluated the 



 
Background 22 

effect of surface roughness on coagulation properties, and found that an increase in surface 

roughness increased platelet adhesion, associated with blood clot formation (Linneweber et 

al., 2007). This emphasises the importance in characterising the surface of coronary arteries 

to enable to development of novel biomaterials that replicate natural arteries. 

 

2.3 SURFACE ROUGHNESS 

2.3.1 Measuring surface roughness 

Tribology is the study of surfaces in relative motion. It enables friction, lubrication 

and wear properties of materials to be characterised. Surface roughness can influence these 

properties, as it is a measure of the fluctuations in height of a surface (figure 2. 12). Surface 

roughness can be measured by contact methods, for example tactile profilometer or atomic 

force microscopy (AFM), or non-contact methods such as optical microscopy or scanning 

electron microscopy (SEM). 

To evaluate the roughness of a surface, there are a variety of options to consider. 

Primarily, there is the option to measure the roughness along a profile or over an area 

(denoted by the letters R and S respectively, followed by subscript letters accordingly). 

Additionally, there are numerous parameters of surface roughness. The profile values are 

described in table 2. 1. Traditional methods, such as tactile profilometer and AFM, measure 

surface roughness over a profile. However, some profilometry methods collect surface data 

at varying optical focus or angle position. This enables the three-dimensional (3D) 

reconstruction of a surface. The G4 Infinite Focus (G4 Infinite Focus, Alicona UK, Kent, UK) 
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microscope uses optical focal variation to image a 3D surface (chapter 3.2.3). The Quad Back 

Scatter Electron detector of the Hitachi TM3030 (Hitachi Ltd., Tokyo, Japan) SEM uses angle 

variation and image stitching to create a 3D surface from two-dimensional (2D) images 

(chapter 4.2.4). 

 
Figure 2. 12 – Surface with waviness and roughness (top), and with waviness removed (bottom). 

 

Table 2. 1 - Surface roughness parameters (ISO 4287, 2009). 

Description Profile Profile equation 

Arithmetic mean deviation of 
assessed profile Ra Ra= 

1

l
 |Z(x)| dx

l

o

 

Root mean squared of 
assessed profile Rrms Rrms= 

1

l
 Z2

l

o

(x) dx 

Maximum profile valley 
depth of assessed profile Rv Rv = |min (Z(x))| 

Maximum profile peak height 
of assessed profile Rp Rp = max (Z(x)) 

Total height of assessed 
profile 

Rt Rt = Rp + Rv 

Skewness of assessed profile Rsk Rsk = 
1

Rrms
3  

1

l
 Z3 (x) dx

l

o
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 In table 2. 1, l is the sampling length, Z is the profile height, and x is the position 

along the sampling profile. Rsk assesses the skewness over the profile length, and describes 

the symmetry about the centre line of peaks and valleys. Rp is commonly used to evaluate 

the frictional force of a surface, and RV can be associated with the strength of a surface, for 

example by corrosion resistance. Rrms is commonly used in USA, and presents a similar 

analysis of surface roughness as Ra. However, Ra uses an average value over the sampling 

length, thus the results are statistically stable and not influenced by damage along the 

profile line as significantly as Rrms (Oliveira et al., 2012). Table 2. 2 presents the equivalent 

surface roughness parameters calculated over an area rather than a profile (displayed with a 

prefix of S rather than R), where A is the area assessed, x is the position along the x axis and 

y the position along the y axis of the profile area. 

 

Table 2. 2 – Surface area roughness parameters (ISO 25178, 2012). 

Description Profile Profile equation 
Arithmetic mean deviation of 
assessed area 

Sa Sa= 
1

A
 |Z (x,y)| dxdy

A

 

Root mean squared of 
assessed area 

Srms Srms= 
1

A
 Z2 (x,y) dxdy

A

 

Maximum profile valley 
depth of assessed area 

Sv Sv = |min (Z(x,y))| 

Maximum profile peak height 
of assessed area Sp Sp = max (Z(x,y)) 

Total height of assessed area St St = Sp + Sv 

Skewness of assessed area Ssk Ssk = 
1

𝑆rms
3  

1

A
 𝑍  (𝑥, 𝑦) 𝑑𝑥𝑑𝑦  
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Fractal dimension can also be used to describe the surface as a ratio describing how 

fractal pattern changes with scale. Fractal geometry was developed by Benoit Mandelbrot, 

who described shapes in nature as such: “Clouds are not spheres, mountains are not cones, 

coastlines are not circles, and bark is not smooth, nor does lightning travel in a straight line”. 

Fractal geometry uses iterative calculations to define infinitely complex shapes. For example, 

figure 2. 13 presents a descriptive representation of fractal dimension. If an object is 

positioned in dimension D, and its linear size is reduced by 1/r in each spatial direction, 

where r is scaling factor, then the measurement (N) of the object would increase to N = rD of 

its original measure. Fractal dimension (FD) is calculated using equation 2. 1, and represents 

how complicated a self-similar object is. The Hausdorff principle of fractal dimension 

highlights the significance of multi-scale analysis, and that to characterise surface roughness 

more critically it should be measured and assessed at a range of scales. 

Equation 2. 1 
FD = 

𝒍𝒐𝒈𝟏𝟎 N

𝒍𝒐𝒈𝟏𝟎 r
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Figure 2. 13 – Hausdorff principle of fractal dimension in three dimensions. Image by Brendan Ryan, 
freely available in the public domain (Vanderbilt University, 2007). 

 

2.3.2 Application to cardiovascular biomaterials 

The surface roughness of cardiovascular materials can prevent thrombus formation 

and bacterial infection, and encourage endothelialisation (Ross and Lahann, 2013). Macro 

scale surface roughness can be created through traditional methods, such as machining and 

polishing (Alla et al., 2011). However, with the development and availability of new 

processes and materials, textures can be created at both a micro- (×10-6) and nano- (×10-9) 

scale, through various techniques such as sand blasting, acid etching, laser treatment and 

nano-particle coatings (Vignesh, Bhuminathan, and Santhosh, 2015). 

In orthopaedic scenarios, the use of micro- and nano-scale surface roughness can 

improve osseointegration of implants due to osteoblast differentiation (Gittens et al., 2011). 

Roughness has also been shown to reduce bacterial adhesion (Lorenzetti et al., 2015). In 

cardiovascular applications, surface roughness has been investigated to improve 
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haemocompatibility (Vladkova, 2013). Superhydrophibic surfaces have been created that 

reduce platelet adhesion, and multiscale surfaces have been formed through moulded 

polydimethylsiloxane (Le et al., 2013). Surface roughness has been investigated to enhance 

endothelial cell proliferation, including through the use of 3D printed resins (Lu et al., 2016). 

It has been found that at >2 µm, an increase in surface roughness creates a larger area for 

platelet surface adhesion, forming a more thrombogenic surface; between 2 µm and 50 nm, 

surface topography can reduce the contact area for platelet adhesion, and at less than 50 

nm, the surface is considered smooth for platelets (Chen, Han, and Jiang, 2011). 

2.3.3 Surface roughness of other biological tissue 

The surface roughness of various biological tissue has been measured, for example 

the Ra of bovine articular cartilage measured 0.24 ± 0.08 µm through stylus profilometry 

(Forster and Fisher, 1999). The effect of disease on surface roughness of biological tissue has 

also been studied, with Peng et al. investigating the effect of osteoarthritis on surface 

roughness of human articular cartilage (Peng and Wang, 2013). Measured with AFM at the 

nano-scale, healthy cartilage had Sa of 68.9 nm, compared to osteoarthritic cartilage which 

varied from 110.4 to 119.2 nm. At the micro-scale measured with a 3D laser scanner, Sa only 

identified a difference in extreme osteoarthritis (58.40 ± 14.56 µm) compared to healthy 

cartilage (9.56 ± 1.84 µm), however the fractal dimension, Sfd, identified a significant 

difference between healthy articular cartilage and all stages of osteoarthritis. 

In vascular biology the fractal dimension of blood vessel patterns has been 

investigated (Sandau and Kurz, 1997), concluding that capillary pattern complexity of chick 

vessels increased with growth factors. Ultrasound scans were performed on murine carotid 
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arteries to assess the fractal dimension of atherosclerotic arteries texture, although no 

significant difference was noted between healthy and diseased arteries (Niu et al., 2013). 

These studies have not investigated the endothelial surface of coronary arteries, rather the 

fractal dimensions of vessel patterns and cross sections within the vascular system. 

However, the results demonstrate the significance and potential of multi-scale analysis in 

cardiovascular applications. 

 

2.4 MECHANICAL PROPERTIES 

2.4.1 Stress and strain 

Stress (σ) is the measurement of an applied force over an area (equation 2. 2), 

typically measured in N/mm2 (i.e. MPa) for biological tissues. Strain (ε) is the measurement 

of the change in displacement over the original length (equation 2. 3). 

Equation 2. 2 

 
σ = 

F

A
 

Equation 2. 3 ε = 
∆L

L
 

F is applied force (N), A is area (mm2), ΔL is the change in length (mm), and L is the 

original length (mm) (figure 2. 14). 
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Figure 2. 14 – Specimen subjected to tensile force (F), with cross sectional area (A), original length (L) 

and change in length (ΔL). 

 

The Young’s modulus (E) of a material is the measurement of elasticity of a material, 

calculated as stress over strain (equation 2. 4), with units of Pa. 

Equation 2. 4 E = 
σ

ε
 

2.4.2 Mechanical properties of arteries 

Mechanical properties of coronary arteries have been characterised for both human 

(Ozolanta et al., 1998; Van Andel, Pistecky, and Borst, 2003; Karimi et al., 2013) and porcine 

(Van Andel, Pistecky, and Borst, 2003; Lally, Reid, and Prendergast, 2004; Wang et al., 2006) 

arteries. Uniaxial tests have been performed on coronary arteries to calculate tensile 

strength (Claes et al., 2010) and Young’s modulus (Karimi et al., 2013; Grishina, Kirillova, and 

Glukhova, 2016) of the material. Tensile tests have been performed on separate layers of the 
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coronary artery (intima, media and adventitia) (Holzapfel et al., 2005). Material properties, 

though, are dependent on direction (Yang et al., 2009), with stress in the circumferential 

‘direction’ (i.e. aligned with the circumference of the artery) being greater than that 

longitudinally (i.e. along the length of the artery). Thus, biaxial testing has been of interest 

with stress-strain characterisation of, for example, diseased coronary arteries (Kural et al., 

2012). To further maintain the physiological state, pressurised tests have been used to 

measure deformation of vessels that allow characterisation of the stress-strain relationship. 

Such tests have been used to calculate the elasticity of coronary arteries (Veress et al., 

2000). A typical assumption for most tests is that coronary arteries are incompressible, with 

Karimi et al. recently measuring the Poisson’s ratio of both healthy and atherosclerotic 

human coronary arteries to justify this assumption (Karimi et al., 2016). These studies have 

quantitatively measured mechanical properties (table 2. 3) but they ignore the intrinsic 

viscoelasticity of the coronary artery. 
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Table 2. 3 – Mechanical properties of coronary arteries from literature. 

Testing method Model Mechanical Properties Study 

Pressurised test Human Tangential elastic modulus (Young’s) 
 
Left artery: 0.90 ± 0.48 to 4.11 ± 0.89 MPa 
Right artery: 1.06 ± 0.24 to 2.85 ± 0.76 MPa 

(Ozolanta et al., 
1998) 

Pressurised test 
 
Data presented in 
stress-strain graph 
format as 
‘envelopes’ 

Human and 
porcine 

Stress - strain in circumferential direction 
 
Circumferential: <100 kPa up to 30% (human) 
and <180 kPa up to 75% (porcine) 
Axial: <180 kPa up to 30% (human) and 240 kPa 
up to 80% (porcine) 
 
Demonstrates non-linear relationship for stress-
strain curve 

(Van Andel, 
Pistecky, and 
Borst, 2003) 

Tensile test Human Elastic modulus 
 
Healthy: 1.48 ± 0.24 to a maximum of 1.55 ± 0.26 
MPa 
Atherosclerotic: 3.77 ± 0.38 to a maximum of 
4.53 ± 0.43 MPa 

(Karimi et al., 
2013) 

Uniaxial and 
equibiaxial tensile 
test 

Porcine Young’s modulus 
 
Uniaxial: 10 ± 7 MPa 
Equibiaxial: 26 ± 9.5 MPa 

(Lally, Reid, and 
Prendergast, 
2004) 

Inflation and axial 
extension (biaxial) 

Data presented in 
stress-strain graph 
or as constants 

Porcine Stress – strain in circumferential direction 

Left artery: 60 ± 10 kPa (media); 40-50 kPa 
(intact) 
Right artery: 100 ± 25 kPa (media); 40- 60 kPa 
(intact) 

(Wang et al., 
2006) 

Tensile test Human Tensile strength 
 
Circumferential: 0.39 ± 0.07 MPa; decreases with 
age 

(Claes et al., 
2010) 

Numerical 
simulation 

3D human 
heart model 

Maximum stress 

Right artery: 0.43 MPa 
Left artery: 1 MPa 

(Grishina, 
Kirillova, and 
Glukhova, 2016) 
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Tensile test Human Ultimate tensile strength 

Circumferential: 1430 ± 604 kPa (adventitia); 446 
± 194 kPa (media); 394 ± 144 kPa (intima) 
Longitudinal: 1399 ± 692 kPa (adventitia); 419 ± 
188 kPa (media); 391 ± 144 kPa (intima) 

(Holzapfel et al., 
2005) 

Equibiaxial tensile 
test 

Human Modulus 
 
Longitudinal: 7.87 ± 3.39 kPa (low stress) and 
97.3 ± 30.9 kPa (high stress) 
Circumferential: 16.7 ± 19.3 kPa (low stress) and 
89.9 ± 39.3 kPa (high stress) 

(Kural et al., 
2012) 

Pressurised test Porcine Creep-strain: 0.05 ± 0.038 (mm/mm) (Veress et al., 
2000) 

 

2.4.3 Viscoelasticity 

 

Figure 2. 15 – Stress-strain curve showing loading and unloading of a (a) purely elastic material and (b) 
viscoelastic material. For the purely elastic material, loading and unloading the material results in no energy 
loss. For the viscoelastic material, the area inside the curve represents the energy lost. 

 

Most soft connective tissues are viscoelastic, including the coronary arterial walls 

(Gow and Taylor, 1968; Holzapfel, Gasser, and Stadler, 2002; Craiem and Armentano, 2006), 

exhibiting both elastic and viscous behaviour (figure 2. 15). Hence, the stress-strain 
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relationship is a function of the loading rate (Zhang, 2005). The elastic and viscous properties 

of a material can be characterised by storage and loss moduli (E’ and E”, respectively), with 

the dynamic modulus (E*) calculated as the complex number (figure 2. 16). 

 

Figure 2. 16 – Argand diagram of storage (E’), loss (E”) and dynamic (E*) moduli, with phase lag (δ). 

 

In viscoelastic materials, stress relaxation measures the decrease in stress when the 

material is held at a given strain for a period of time (figure 2. 17), whereas creep measures 

the increase in strain when stress is held constant in the material (figure 2. 18). These 

methods provide an equilibrium modulus, allowing characterisation of the longer term 

effects on viscoelastic materials (Menard, 2008). 
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Figure 2. 17 – Stress relaxation testing, with stress (red) and strain (green) against time. 

 

 

Figure 2. 18 – Creep testing, with stress (red) and strain (green) against time. 

 

2.4.4 Viscoelastic properties of arteries 

Changes in the viscoelastic properties of arteries are apparent in patients with 

vascular disease (Taniguchi et al., 2015). The viscoelastic properties of arteries which have 

been studied include hysteresis loops of a cross-sectional area as a function of pressure for 

large ovine arteries (Valdez-Jasso et al., 2009), creep and stress relaxation of porcine carotid 

arteries (Berglund, Nerem, and Sambanis, 2005), creep of human coronary arteries (Ozolanta 
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et al., 1998), and stress relaxation in the longitudinal and circumferential direction of porcine 

carotid arteries (García, Martínez, and Peña, 2012).  

2.4.5 Dynamic mechanical analysis 

At low rates of loading biological tissue can display different dynamic viscoelastic 

properties than when tested at physiological rates (Sadeghi, Espino, and Shepherd, 2015). 

The effect of dynamic viscoelastic properties can be measured using dynamic mechanical 

analysis (DMA), allowing characterisation of the short-term loading effects on viscoelastic 

materials at physiological relevant frequencies. This has not been previously quantified for 

coronary arteries. Replicating the physiological loading conditions is essential to 

understanding the mechanical behaviour of biological tissues subjected to dynamic 

environments, such as coronary arteries.  

 
Figure 2. 19 – Sinusoidal load input (blue) with displacement (orange) response, where Xa is the 

displacement amplitude, La the load amplitude, and Tδ the time lag between the two waveforms. 
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Figure 2. 19 shows the displacement response of a viscoelastic material to a 

sinusoidal load input. The dynamic stiffness (k*) is calculated from the load (La) and 

displacement (Xa) amplitudes (equation 2. 5). The phase lag (δ) is calculated using equation 

2. 6, where ω is the angular frequency and Tδ the time lag between two waveforms. Using a 

shape factor, E’ and E” can be calculated from k* and δ, which is described further in chapter 

5.2.5. 

 

Equation 2. 5 
k* = 

La

Xa
 

Equation 2. 6 δ = ωTδ 

 

2.5 CONCLUSION 

This chapter summarises the cardiovascular system and its associated disease, which 

is the leading cause of death worldwide. The most common medical interventions to treat 

cardiovascular disease, PCI and CABG, are presented. Characterisation of materials aids in 

the development of new biomaterials. Surface roughness measurements would provide 

quantitative data to analyse the surface of materials, and DMA would allow the dynamic 

viscoelasticity of a material to be measured. 
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3 SURFACE ROUGHNESS CHARACTERISATION OF LEFT ANTERIOR DESCENDING 

CORONARY ARTERIES 

3.1 OUTLINE 

Changes to blood vessels such as stenosis (narrowing of arteries), calcification or 

damage of the endothelial surface can be disruptive to the blood flow and lead to further 

clinical complications such as atherosclerosis, myocardial infarction and even death (Nabel 

and Braunwald, 2012; Bertazzo et al., 2013). The changes seen can indicate signs of disease 

of the arteries, such as atherosclerosis (Hansson, Libby, and Tabas, 2015). However, 

assessment of changes to the surfaces of vessels have been qualitative (Bertazzo et al., 

2013). If stents or biomaterials are to be designed to mimic natural surfaces, for example, by 

nano-texturing through laser etching (Li et al., 2013) or electropolishing (Nazneen et al., 

2012), or grafts designed to encourage endothelialisation (Buys et al., 2013; Yeh et al., 2006; 

Kakisis et al., 2005; Schmidt et al., 2012), then it is necessary to quantify the properties of 

the surface of healthy coronary arteries. 

Surface roughness can be quantified using Ra (the arithmetic average of absolute 

values of sampling length), described in chapter 2.3.1. Although the application of Ra is 

mainly in tribology and wear (Eckold, Dearn, and Shepherd, 2015; Karpuschewski et al., 

2015), it has recently been used to study biological tissues such as articular cartilage to 

assess its surface roughness (Ghosh et al., 2013; Peng and Wang, 2013). It has also been 

trialled for cardiovascular applications, not involving tribology. For example, red blood cells 

have been studied at a nano-scale using atomic force microscopy (AFM) (Antonio et al., 
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2012), and average roughness values compared after treatment of cells through fixation and 

staining (Girasole et al., 2007). Further, the roughness of blood cells can be used as an 

indication of the health of cells, where red blood cells of diabetics appear smoother than 

cells from non-diabetics (Buys et al., 2013). 

A common procedure when imaging biological tissue is to fix and dehydrate samples. 

This processing has the advantage of preventing degradation of tissue. A further benefit of 

the removal of water is preventing distortion of light due to water on the surface of samples 

during optical microscopy. Specifically, for scanning electron microscopy (SEM), a procedure 

employed in chapter 4 to enable multiscale analysis, an additional advantage of dehydration 

is that the specimen can be imaged under vacuum. Commonly, glutaraldehyde precedes the 

dehydration step to fix and prevent distortion of the specimen. The preparation of biological 

tissues for optical imaging typically requires various procedures, including freezing, fixation 

and dehydration. The effect of these procedures on certain physical characteristics of tissues 

are known, and can be accounted for, including changes in dimensions of the heart (Hołda et 

al., 2016) and biological tissue (Bucher et al., 2000), cancer volumes (Schned et al., 1996), 

and correcting cell density of endothelium (Doughty, 1995). Currently, however, it is 

unknown whether Ra might be altered by preparatory procedures used for soft connective 

tissues (such as coronary arteries). 

The aim of this study was to characterise the surface roughness by the arithmetic 

mean deviation of roughness profile (Ra), for porcine left anterior descending (LAD) 

coronary arteries through optical microscopy. The variation of surface roughness was 

assessed along the length of the LAD artery. Furthermore, this study aimed to determine 
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whether freezing, fixation and dehydration, common procedures for preparing biological 

specimens for SEM, alter the measured Ra. Thus, Ra was measured before and after a 

freeze-thaw cycle, after fixation and after dehydration, and a suitable correction factor 

determined. For the work presented in this chapter, eight porcine hearts were used to 

initially characterise the surface roughness, and a further six hearts have been used for 

analysing the effects of processing. 

 

3.2 METHOD 

3.2.1 Porcine model 

Porcine hearts were supplied by Fresh Tissue Supplies (Horsham, UK). Hearts were 

frozen on excision. No animals were sacrificed specifically for this study. Ethical approval was 

granted for this study by the University of Birmingham Research Support Group [ERN_15-

0032]. After delivery to the laboratory, the hearts were wrapped individually in tissue paper 

soaked in Ringer’s solution (Oxoid Ltd, Bassingstoke, UK). They were then stored in heat 

sealed bags at -40 °C, a protocol employed by other studies in the storage of porcine heart 

tissue (Espino et al., 2006; Millard et al., 2011; Espino et al., 2005; Espino, Shepherd, and 

Buchan, 2007). 

3.2.2 Dissection 

Hearts were defrosted at approximately 4 °C overnight before dissection. The LAD 

coronary artery was identified and dissected (figure 3. 1) from the most distal point visible to 

the bifurcation of the LAD and the left circumflex coronary artery (LCX) (figure 3.2). A 
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longitudinal incision (along the length of the artery) was made along the LAD sample to 

expose its internal surface (figure 3. 3). Excess cardiac muscle tissue was removed from 

samples leaving coronary artery tissue only (figure 3. 3). This was important for future 

experiments where the viscoelastic properties of the arteries were measured, when 

myocardium attached to the arteries would affect the values calculated (chapter 5). 

Additionally, specimens were imaged after processing, involving fixation, where for effective 

fixation of biological tissue the thickness of tissue samples should be less than 2-3 mm (Beck, 

1998). Finally, the sample was sectioned into three specimens of 20 mm each. These tissue 

samples were categorised as proximal, middle and distal where in this case proximal refers 

to a position nearer the base of the heart and distal near to the apex of the heart, along a 

longitudinal axis of the LAD (figure 3. 3). Dimensions of the specimens were measured along 

its length (L), width at top and bottom (W1 and W2), and thickness (t) using a Vernier caliper, 

taking the mean of 3 values for each dimension (figure 3. 4). 



 
Surface roughness characterisation of left anterior descending coronary arteries 41 

 
Figure 3. 1 – Stages of coronary artery dissection, with: (a) defrosted heart pre- dissection, with apex, 

base, blood vessels, RV (right ventricle), LV (left ventricle) and left coronary artery identified; (b) LAD coronary 
artery identified and dissection commenced from most distal point visible of LAD, and (c) LAD removed to the 
bifurcation with LCX, still attached to myocardium.  
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Figure 3. 2 – Dissection procedure identifying defined top of LAD, a) tweezer point identifying the LCX, 

b) tweezers positioned through LCX and emerging at the defined top of LAD. 

 

 
Figure 3. 3 – LAD dissected tissue with longitudinal and circumferential axes labelled; a) LAD connected 

to myocardium; b) myocardium removed and LAD opened longitudinally; c) LAD specimens prepared as 20 mm 
sections starting at the defined top point at the bifurcation of LCX, with proximal, middle and distal sections 
identified. 
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Figure 3. 4 - Length (L) and sample width (W1 and W2) of medial LAD coronary artery specimens used 

in this study. Note, thickness (t) was measured perpendicular to the x-y plane, in the z plane. 

 

Tissue samples were wrapped in tissue paper soaked in Ringer’s solution (Oxoid Ltd, 

Bassingstoke, UK) and stored in heat sealed bags at -40 °C until required for microscopy. 

Before further testing, tissue samples were defrosted at 4 °C for an hour, following protocols 

from previous studies of porcine heart tissue (Millard et al., 2011; Espino, Shepherd, and 

Buchan, 2007; Espino et al., 2006; Espino et al., 2005). 

3.2.3 Optical microscopy 

An optical focus variation microscope (G4 Infinite Focus, Alicona UK, Kent, UK), as 

seen in figure 3. 5, was used to image the surface of the specimens at 10× magnification (10× 

Nikon CFI 60 TU Plan Epi Infinity Corrected Obj lens, Alicona UK, Kent, UK). This was chosen 

as an appropriate magnification as the minimum measurable Ra of the 10× magnification for 

the microscope was optimum for the range of measured Ra data during preliminary testing 

(Alicona, 2014). Scanning was performed between the maximum and minimum focussing 

positions of the height of each sample in the z plane (figure 3. 4) through focussing of the 
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lens. Similarly, the area of the scan was controlled by selecting the maximum and minimum x 

and y positions of the sample. Note, the x and y axes are parallel to the circumferential and 

longitudinal directions, respectively (figure 3. 3), and the z axis is perpendicular to the x-y 

plane (i.e. aligned parallel to the direction of the thickness of the sample). The Alicona 

Infinite Focus microscope is a non-contact, optical, three-dimensional (3D) measurement 

system. Lighting was controlled via white light emitting diode coaxial illumination. 

Illumination intensity, and lateral (x and y axis) and vertical (z axis) resolution were adjusted 

using automated ideal settings, as defined using the instruments’ software, Alicona IF-

Measure Suite (version 5.1, Alicona UK, Kent, UK), consistent with previous studies 

(Hiersemenzel et al., 2012). The Alicona software was used to obtain and analyse all images. 

Imaging was performed at four stages in this study (figure 3. 7): before and after a freeze-

thaw cycle; following fixation; and following dehydration. 
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Figure 3. 5 – G5 Alicona Infinite Focus optical microscope. 

 

A 3D reconstruction of the image was performed using the Alicona IF-Laboratory 

Measurement Module (version 6.1, Alicona UK, Kent, UK), from which the Ra was measured. 

The Alicona IF-Laboratory Measurement Module (version 6.1, Alicona UK, Kent, UK) 

generates a 3D point cloud by using contrast based focus detection and focus stacking to 

calculate the depth of microscopy images. This method has been shown to be comparable to 

traditional methods, such as scanning electron microscopy, for measuring surface roughness 

(Schroettner, Schmied, and Scherer, 2006). The 3D point cloud represented as a 
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reconstructed surface is shown in figure 3. 11. The entire surface of each sample was imaged 

and reconstructed. Subsequently, five profile lengths with a mean of 2.63 ± 0.67 mm were 

measured along two directions aligned with circumferential and longitudinal sample 

orientations. The Ra was assessed both longitudinally and circumferentially. When 

measuring Ra profiles, bifurcations where smaller vessels connected to the LAD were 

avoided during profile selection, highlighted in figure 3. 6. They were avoided because they 

formed part of the blood vessel structure rather than being an intrinsic property of the 

surface. Also, profiles were not measured near the edges of the sample where distortion 

may have occurred during dissection (figure 3. 6). Equations 3. 1 and 3. 2 (ISO 4287, 2009) 

were used to calculate surface roughness in the circumferential direction, RaC, and the 

longitudinal direction, RaL, respectively. Where Z(x) is the profile height function along x 

(equation 3. 1), Z(y) is profile height function along y (equation 3. 2), and l is the sampled 

length. The mean surface roughness for each individual specimen was determined from five 

repeat measurements taken in each direction. 

 
Figure 3. 6 – Preliminary sample at 5× magnification, highlighting areas that were avoided for profile 

selection. White arrows – bifurcations. Black arrows – edge of sample where damage is visible due to dissection. 
Image is 3.246 × 3.246 mm. 
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Equation 3. 1 RaC = 
1

l
|Z(x)|dx

l

0

 

Equation 3. 2 RaL = 
1

l
|Z(y)|dy

l

0

 

 

3.2.4 Tissue processing 

 
Figure 3. 7 – Flow chart for processing and imaging stages of LAD coronary artery specimens of porcine 

hearts, frozen immediately after excision. For general Ra results, 8 porcine hearts were dissected resulting in 24 
specimens (8 proximal, 8 middle and 8 distal). When investigating the effects of processing, 6 porcine hearts 
were dissected and 6 specimens investigated (6 middle).  

Hearts defrosted 
and dissected after 

delivery

Specimens undergo 
freeze-thaw cycle

Specimens fixed

Specimens 
dehydrated

Stage 4 imaging

Effect of 
dehydration

Stage 3 imaging

Effect of fixation

Stage 2 imaging

Effect of freeze-
thaw cycle

Stage 1 imaging
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Tissue samples underwent fixation and dehydration, following a standard protocol 

for soft mammalian tissues (Beck, 1998) (table 3. 1). Specimens were immersed in a 3% 

glutaraldehyde solution (Fluka Analytical, Sigma Aldrich, St Louis, MO, USA) with 0.2 M 

sodium phosphate buffer for 1 hour, at an average pH value for animal tissue of pH 7.4 

(Hayat, 1981) (table 3. 2). Subsequently, specimens were rinsed in three 10 minute washes 

of phosphate buffer saline (PBS) solution to remove any remaining glutaraldehyde. To 

ensure that the samples remained hydrated they were stored in PBS solution at 4 °C until 

dehydration. 

 

Table 3. 1 – Protocol for processing tissue, including fixation and dehydration. 

Process Solution Time 

Fixation 3% glutaraldehyde solution 1 hour 

3 × wash PBS 3 × 15 minutes 

6 × stages of dehydration 
sequence 

30%, 50%, 70%, 95% and 
2 × 100% ethanol 6 × 10 minutes 

Complete dehydration Hexamethyldisilasane 15 minutes, then leave overnight 
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Dehydration was performed in washes of 10 minutes with increasing concentrations 

of ethanol (Fisher Chemical, Fisher Scientific UK Ltd, Loughborough, UK) at 30%, 50%, 70%, 

95% and two washes at 100%. The concentration series ensures that dehydration occurs in a 

controlled manner, minimising distortion of the specimen (Bucher et al., 2000). Finally, 

hexamethyldisilasane (HMDS; Aldrich Chemistry, St Louis, MO, USA) was used to complete 

dehydration (Moran and Coats, 2012), removing any remaining ethanol from the specimen 

by displacement. The specimen underwent a wash of HMDS for 15 minutes before 

replenishing with fresh HMDS to be left overnight to evaporate. 

3.2.5 Correction Factor 

A linear correction factor was calculated for Ra when a significant difference was 

identified following processing. α was calculated as the change in Ra due to processing over 

the original Ra value before processing using equation 3. 3, where Rapre and Rapost were the 

mean values of Ra before and after processing respectively. 

Equation 3. 3 α = 
Rapre  − Rapost

Rapre
  

Equation 3. 4 Rapre = 
Rapost

(1 −  α)
 

 

By rearranging equation 3. 3 (through equation 3. 4), an equation for corrected 

surface roughness (Raβ) is presented in equation 3. 5. Here, Ra is the uncorrected, 

dehydrated surface roughness (Rapost). This uses a linear relationship between change in 
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surface roughness and original surface roughness during processing (section 3.3.4), thus 

when rearranging equation 3. 3, Raβ is assumed as Rapre. 

Equation 3. 5 Raβ =
Ra

1 −  α
 

 

An additional method to normalise Ra was considered from the relationship between 

change in tissue dimension and Ra (equation 3. 7), where Dpre and Dpost are the mean 

dimension values pre- (stage 1) and post- (stage 4) processing. 

Equation 3. 6 𝑅𝑎   = Ra  
𝐷

𝐷
  

 

3.2.6 Data analysis 

When presenting results, N refers to the number of hearts, and where appropriate 

the number used for calculating confidence intervals. Whereas n indicates the number of 

specimens measured. 

All statistical analysis was performed using Minitab Statistical Software (Minitab 17.0, 

Minitab Inc, State College, PA, USA). Data sets were assessed for normal distribution using a 

Shapiro-Wilk normality test, and homogeneity of variance ensured using Levene’s test. If 

data sets were normally distributed (i.e. p > 0.05) and variance was equal across groups 

(p > 0.05), significance was assessed (p < 0.05) using a paired t-test. If data was not normally 

distributed, a Wilcoxon Signed Rank test was used (i.e. a paired non-parametric test; p < 0.05 
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for significance) [57, 58]. For these results, 8 individual hearts were dissected (N = 8), giving a 

total of n = 24 specimens (8 of each for proximal, middle and distal sections). 

For the remainder of results assessing a freeze-thaw cycle, effect of processing, and 

calculation of a correction factor, a total of 6 hearts were dissected (N = 6), of which the 

middle specimens were investigated only (n = 6). To assess the effect of a freeze cycle (figure 

3. 7; stages 1 and 2) on surface roughness and physical dimensions on coronary arteries, a 

student paired t-test (p < 0.05) was performed for each dependent variable (RaC, RaL, L, W1 

and W2) (Bland, 2000).  

A one-way repeated measures multivariance analysis of variance (MANOVA) test was 

performed to analyse processing of coronary arteries, and to assess whether there was a 

significant difference in surface roughness and physical dimensions of the tissue (Bland, 

2000; Reilly, 2015). Multiple dependent variables (RaC, RaL, L, W1 and W2) were compared 

during three independent stages (figure 3. 7; stages 1, 3 and 4), with the risk of type 1 errors 

reduced due to the choice of MANOVA (Bock, 1975). If a statistical significance was 

identified (p < 0.05) using a MANOVA test, analysis of variance (ANOVA) was then performed 

on each dependent variable using Tukey’s method (p < 0.05) to determine which stage of the 

independent variable resulted in this change.  

When a correction factor (equation 3. 5) was applied to results, a student paired t-

test was performed between the calculated and actual results to determine if there was a 

significant difference (p < 0.05). 
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3.3 RESULTS 

3.3.1 Circumferential vs longitudinal 

LAD arteries were significantly rougher along their circumference than along their 

longitudinal alignment (RaC > RaL; p < 0.05, table 3. 3). This was the case for proximal, medial 

and distal samples along the LAD artery (table 3. 3). RaC ranged from 0.73 to 2.83 µm, and 

RaL ranged from 0.35 to 0.92 µm, with individual results presented in figure 3. 9. Ridges were 

observed along the circumferential direction of the LAD artery, but not longitudinally (figure 

3. 10), consistent with the higher RaC values compared to RaL. Sample Ra profiles aligned 

circumferentially and longitudinally along the LAD coronary artery are provided in figure 3. 8. 

 
Figure 3. 8 - Sample surface roughness measurements for (top) RaC and (bottom) RaL. 
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3.3.2 Variation along LAD artery 

No statistical difference was found in the variation of circumferential roughness of 

RaC along the length of the artery (proximal vs distal, p > 0.05; figure 3. 10). This was also the 

case for RaL (figure 3. 10). Although RaC of the proximal samples had a higher mean value 

compared to that of the middle and distal samples (table 3. 3), the spread of results was 

greater, resulting in a larger standard deviation (RaC mean ± standard deviation: proximal = 

2.07 ± 0.92 µm; middle = 1.53 ± 0.50 µm, distal = 1.48 ± 0.77 µm). This supports the finding 

of no statistical difference between the results. 
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Figure 3. 9 – Individual specimen mean results for (a) RaC and (b) RaL, at proximal (diamond), middle 

(square) and distal (triangle) positions. 
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Table 3. 3 – Descriptive statistics of surface roughness for RaC and RaL. N = 8, n = 24 (proximal n = 8; 
middle n = 8; distal n = 8). 

Position Normally 
distributed? 

Mean 
(µm) 

Median 
(µm) 

SD 
(µm) 

 Mean 
(µm) 

Median 
(µm) 

SD 
(µm) 

  RaC RaC RaC  RaL RaL RaL 

Proximal Yes 2.07 1.74 0.92  0.97 0.89 0.31 

Middle Yes 1.53 1.44 0.50  0.85 0.83 0.18 

Distal No 1.48 1.24 0.77  0.83 0.73 0.33 

 

 
Figure 3. 10 – Mean surface roughness (Ra) of the proximal, middle and distal LAD coronary artery. 

White dots for RaL and black dots for RaC. Error bars represent 95% confidence intervals where N = 8. 
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Figure 3. 11 – 3D reconstruction of the endothelial surface of the LAD (10×). Ridges are observable 

across the circumferential direction (grooves appearing in longitudinal direction). Reconstructed surfaces at a) 
proximal, b) middle and c) distal positions, and d) optical two-dimensional (2D) image of a proximal specimen. 

 

3.3.3 Effect of preparing LAD artery 

Figure 3. 12 shows the 3D reconstructed surface at each stage of processing, with the 

respective optical images shown in figure 3. 13. These figures highlight the increased surface 

roughness in the circumferential rather than longitudinal direction, with ridges visible. 

Individual specimen results for each stage are shown in figure 3. 14 for both RaC and RaL. 
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Figure 3. 12 – 3D reconstruction of imaged samples (a) in their initial state (stage 1), and following (b) 

a subsequent freeze-thaw cycle (stage 2), (c) glutaraldehyde fixation (stage 3), and (d) a final dehydration stage 
(stage 4). Dimensions of all specimens in the x and y axes are 1.6 mm × 1.6 mm. 

 

RaC values ranged from 0.82 to 2.26 µm. Figure 3. 12 shows the surface at each stage 

of processing, where ridges can be seen along the longitudinal direction (y axis). Freezing 

(1.28 ± 0.34 µm), fixation (1.49 ± 0.49 µm) and dehydration (1.98 ± 0.26 µm), independently, 

did not significantly alter RaC (p > 0.05; table 3. 4) from one stage of tissue preparation to 

the next. However, the cumulative effect of fixation and dehydration during the preparation 

stages led to a significant increase in RaC from 1.36 ± 0.27 µm (the initial surface roughness) 

to 1.98 ± 0.26 µm (p < 0.05; table 3. 4) following all tissue preparation (figure 3. 15).  
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Figure 3. 13 - Optical image of the LAD coronary artery surface (a) at their original state (stage 1), and 

following a subsequent (b) freeze-thaw cycle (stage 2), (c) glutaraldehyde fixation (stage 3), and (d) a final 
dehydration stage (stage 4). Axes along which RaC and RaL measurements were taken are shown. 
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Figure 3. 14 – Individual specimen mean values for (a) RaC and (b) RaL, at stage 1 (triangle), stage 2 

(diamond), stage 3 (circle) and stage 4 (square). 
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Table 3. 4 – Surface roughness and dimensions (mean, median and standard deviation, SD) of samples 
at their original state (stage 1), and following a subsequent freeze-thaw cycle (stage 2), glutaraldehyde based 
fixation (stage 3) and a final dehydration stage (stage 4). Measurements were obtained from six independent 
specimens (N = 6). Where † indicates a significant difference for stage 4 as compared to stages 1 and 2, and ‡ 
indicates a significant difference at stage 4 as compared to stage 3 (p < 0.05) Note, Racβ is the correction 
following the cumulative processes up to stage 4, for Rac. 

 --- Stage 1 --- --- Stage 2 --- --- Stage 3 --- --- Stage 4 --- 

 

M
ea

n 

M
ed

ia
n 

SD
 

M
ea

n 

M
ed

ia
n 

SD
 

M
ea

n 

M
ed

ia
n 

SD
 

M
ea

n 

M
ed

ia
n 

SD
 

RaC 
(µm) 

1.36 1.40 0.27 1.28 1.38 0.34 1.49 1.33 0.49 1.98† 2.07 0.26 

RaL 

(µm) 0.87 0.76 0.30 1.00 0.91 0.38 1.03 0.75 0.55 1.07 1.08 0.18 

L 
(cm) 

1.98 1.98 0.11 1.91 1.95 0.16 1.83 1.82 0.13 1.56†‡ 1.56 0.14 

W1 

(cm) 0.71 0.69 0.07 0.67 0.67 0.02 0.62 0.62 0.05 0.55† 0.52 0.08 

W2 

(cm) 0.58 0.57 0.08 0.57 0.58 0.06 0.53 0.55 0.06 0.43† 0.45 0.06 

t 
(cm) 

0.04 0.04 0.01 0.03 0.03 0.01 0.04 0.04 0.01 0.04 0.04 0.01 

Racβ 

(µm) 
1.31 1.42 0.21          

 

RaL measurements ranged from 0.57 to 2.24 µm. Freezing (1.00 ± 0.38 µm), fixation 

(1.03 ± 0.55 µm) and dehydration (1.07 ± 0.18 µm), independently, did not significantly alter 

RaL (p > 0.05; table 3. 4; figure 3. 15). There was no significant difference in the initial RaL 

(0.87 ± 0.30 µm) and that measured following the cumulative effect of freezing, fixation and 

dehydration (1.07 ± 0.18 µm; p > 0.05; table 3. 4; figure 3. 15). 
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Figure 3. 15 – Surface roughness mean with 95% confidence intervals (N = 6) at various processing 

stages (RaC – black; RaL – white), where process 1 = original, 2 = post-freeze; 3 = post-fixation; 4 = post-
dehydration (see figure 3. 7). 

 

3.3.4 Correction Factor 

RaC significantly increased following processing, thus a correction factor was applied. 

A linear relationship was assumed, as ultimately the goal of the correction factor was to 

provide a standard number that could be used to predict the surface roughness values 

before processing. The correction factor, α, calculated using equation 3. 3 as -0.46, was 

inserted into equation 3. 5 to calculate RaCβ, the corrected surface roughness in the 

circumferential direction, as shown in equation 3. 7.  

Equation 3. 7 RaCβ =
RaC

1.46
 

Process 4321

2.5

2.0

1.5

1.0

0.5

Ra
 (µ

m
)



 
Surface roughness characterisation of left anterior descending coronary arteries 63 

The mean RaCβ was 1.31 ± 0.21 µm. No significant difference was found between the 

original RaC values and the calculated RaCβ values (p > 0.05; table 3. 4). Figure 3. 16 shows the 

individual mean specimen results for RaCβ compared to its corresponding stage 1 RaC, in 

addition to the stage 4 results that each point was calculated from. 

 
Figure 3. 16 – Individual specimen mean values for RaC, with stage 4 (circle), stage 1 (square) and 

corrected RaCβ (triangle). 

 

3.3.5 Tissue Dimensions 

Freezing did not significantly alter any of the physical dimensions (p > 0.05; table 3. 

4); the physical dimensions of tissue, though, were significantly altered due to the 

cumulative effect of processing (p < 0.01; table 3. 4). The initial length of specimens (1.98 ± 

0.11 cm) was not significantly different to the fixed specimen lengths (1.83 ± 0.13 cm, p > 

0.05), but they were significantly greater than the dehydrated specimen lengths (1.56 ± 0.44 
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cm, p = 0.001; table 3. 4). The fixed lengths were also significantly greater than the 

dehydrated lengths (p < 0.05; table 3. 4). 

The initial width at W1 and W2 (0.71 ± 0.07 and 0.58 ± 0.08 cm, respectively) were 

significantly greater than the widths after processing (0.55 ± 0.08 and 0.43 ± 0.06 cm, W1 

and W2 respectively, p < 0.05; table 3. 4). However, the individual stages of fixation (0.62 ± 

0.05 and 0.53 ± 0.06 cm, W1 and W2 respectively) and dehydration caused no significant 

differences to the width measurements (p > 0.05; table 3. 4). The thickness of specimens 

ranged from 0.02 to 0.05 cm. No significant difference was seen in thickness due to the 

processing stages (p > 0.05; table 3. 4). 

An additional relationship was evaluated between the decrease in width due to 

processing and the increase in RaC, as a significant difference was noted in RaC but not RaL 

due to processing. The value of W1 and W2 were averaged for before (stage 1) and after 

(stage 4) processing, with W post-processing found to be 75% of the pre-processing value. 

This is an inverse relationship to Ra due to processing. Using equation 3. 7, RaCβ was 

calculated, however the percentage error when compared to Rac pre-processing varied from 

-21 to 76%. 

 

3.4 DISCUSSION 

3.4.1 Key findings 

For the first time, surface roughness was quantitatively measured for LAD coronary 

arteries. Surface roughness was characterised circumferentially and longitudinally, and was 
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significantly greater in the circumferential direction. Surface roughness did not vary along 

the length of the sample. Processing of tissue through fixation and dehydration increased 

the circumferential surface roughness but did not alter surface roughness longitudinally. 

Thus, the effect of processing was evaluated with a correction factor in the circumferential 

direction to calculate surface roughness before processing from dehydrated specimens. The 

technique proposed in this chapter could be used to evaluate the surface roughness of other 

biological tissue, and a similar correction factor could be calculated to understand the effect 

of different fixatives and dehydration protocols. 

3.4.2 Surface roughness 

Surface roughness of coronary arteries has not previously been quantified, however, 

Ra has been measured for other biological specimens, such as articular cartilage (Ghosh et 

al., 2013). Both the cartilage and endothelium have low frictional requirements. Cartilage 

values measured by Ghosh et al. (2013), varying from 165 nm to 174 nm using scanning 

electron microscopy, and 82.6 nm to 114.4 nm using AFM, are lower than the values 

measured in this study. However, surface roughness measurements can vary between 

techniques used, as noted by Ghosh et al. (2013). For example, other studies of articular 

cartilage found its surface roughness to range from 800 nm using laser profilometry, up to 

1600 nm using stylus profilometry (Forster and Fisher, 1999). Therefore, it would be of value 

to assess the surface roughness of coronary arteries with a multiscale analysis, using higher 

magnification techniques such as SEM. Such values are comparable to the average mean of 

all measurements of 0.89 µm (longitudinal) and 1.04 µm (circumferential) in the first part of 

this chapter (section 3.3.1). Of course, there is no reason for articular cartilage and blood 
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vessels to have comparable surface roughness beyond both needing to be fairly smooth. 

However, no values are available for coronary arteries for comparison. Furthermore, it 

provides a comparison for another smoothed surface connective tissue, demonstrating a 

credible range for a biological material. 

When measuring RaL, the line along which the surface roughness was measured does 

not run perfectly parallel to the direction of the ridges. Muscle and fibrous elements 

orientate helically along the length of the arteries (Learoyd and Taylor, 1966) and a more 

helical layout within blood vessels was noted with ridges on the surface of LAD coronary 

arteries in this study. These could be related to the spiral flow seen in other studies 

(Stonebridge and Brophy, 1991; Morbiducci et al., 2009). Therefore, RaL would have peaks 

and troughs analogous to surface roughness measured circumferentially. The circumferential 

roughness was found to be higher than the longitudinal measurement. This could be due to 

the greater prevalence of the ridges seen on the surface, which have been noted in previous 

qualitative studies (Fan et al., 2009; Chen, Han, and Jiang, 2011). 

3.4.3 Application to biomaterials 

Surface properties of the endothelial surface can be seen to impact the blood flow 

and, therefore, a greater understanding of the surface roughness of coronary arteries can 

improve computational fluid dynamic modelling (Park, Intaglietta, and Tartakovsky, 2012). 

The surface roughness of novel biomaterials and surgical devices can be altered using 

surface modification techniques. The surface roughness measured in this study can be used 

as a standard to replicate natural surfaces (Nazneen et al., 2012) through surface 

modification methods. Surface modification allows the bulk modulus of the material to 
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remain unchanged, but with the additional benefit of being able to: increase the 

biocompatibility of materials (Kurella and Dahotre, 2005; Govindarajan and Shandas, 2014; 

Zhao et al., 2013; Leszczak and Popat, 2014; Liu, Chu, and Ding, 2004); influence cell growth, 

alignment, viability and attachment (Ross and Lahann, 2013; Espino et al., 2006; Kiyan et al., 

2013; Le et al., 2013; Fioretta et al., 2012; Flemming et al., 1999; Karagkiozaki et al., 2012); 

and increase patency rates by deterring thrombus formation (Govindarajan and Shandas, 

2014; O’Brien and Carroll, 2009; DePalma et al., 1972). Briefly, modifications are created 

through removal techniques (sandblasting, anodisation, etching, lithography), addition 

techniques (coating, nano-fibers, biomolecules), or a combination of both (Govindarajan and 

Shandas, 2014; Bruinink et al., 2014).  

New emerging biomaterials require a standard for surface roughness. The surface 

roughness properties of this study contribute to providing data for such a standard and a 

methodology for making further measurements. This would enable artificially created 

surfaces, such as textured materials and stents, and surfaces encouraging endothelialisation 

coverage (Buys et al., 2013; Yeh et al., 2006; Kakisis et al., 2005; Schmidt et al., 2012), to be 

compared to healthy coronary arteries. Potentially this information could also be used to 

analyse disease. For example, similar to changes in the surface roughness of red blood cells 

with disease (Antonio et al., 2012; Buys et al., 2013; Girasole et al., 2007); or the correlation 

of stage of osteoarthritis, of human articular cartilage, to a fractal dimension (Peng and 

Wang, 2013). 
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3.4.4 Processing of tissue 

This study has investigated the effects caused by freezing and chemical processing of 

connective tissues on the surface roughness and physical dimensions of LAD coronary 

arteries. The procedure of preparing LAD coronary artery samples for microscopy (i.e. 

freezing, glutaraldehyde-fixation, and dehydration) led to the cumulative effect of tissue 

shrinkage and increased circumferential surface roughness. The dehydration process caused 

the most significant change to values, and this was obvious when looking at the cumulative 

effect of processing, as fixing alone did not cause any changes. RaL was not significantly 

affected by the processing, however, RaC was more sensitive to the processing and a 

correction factor was developed for this (equation 3. 7). Further, equation 3. 3 and 3. 5 

provide a generalised description for developing correction factors for Ra of soft connective 

tissues. 

When using change in tissue dimension to normalise surface roughness values, 

percentage error varied from -21% to 76% (section 3.3.5). Although both the length and 

width of tissue specimens decreased due to processing, only RaC was affected by processing, 

thus the method of using change in tissue dimension to correct surface roughness is 

caveated. During preliminary testing, a value of -0.63 was presented for α calculated from 

equation 3. 3 (Burton, Freij, and Espino, 2017). However, in this study the value of α 

was -0.46 (Burton, Williams, and Espino, 2017). The preliminary findings used nine samples 

from three specimens (N = 3), whereas in this study six specimens (N = 6) were used when 

measuring surface roughness during processing. Using an α of -0.63 resulted in an average 

error of 25% from the original RaC (stage 1); whereas using an α of -0.46 resulted in an 
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average error of 20%. The correction factors have a similar accuracy, highlighting the 

repeatability of testing methods, however the second correction factor was selected as the 

value due to the greater specimen variability when calculating α.  

Arteries are made up of smooth muscle cells, collagen, and elastin (Glagov, 1979; 

Fung, 1993). Fixation is used to preserve the structure of the samples and prevent 

degradation of connective tissues, through the reacting of aldehyde groups (Migneault et al., 

2004) in the fixing solution (e.g. glutaraldehyde) with amino acids found in collagen (Damink 

et al., 1995), forming crosslinks between the collagen fibers (Das Murtey and Ramasamy, 

2016; Huang and Yeung, 2015; Hayat, 1981), rendering some proteins non-coaguable (Hayat, 

2012). These non-coaguable proteins are therefore not affected by the dehydration 

coagulants, preserving the structure of samples during the dehydration process (Hayat, 

1981, 2012). Conversely, elastin is not fixed by glutaraldehyde or formaldehyde fixatives 

(Fung and Sobin, 1981). 

Glutaraldehyde is often chosen for fixation to attempt to preserve the mechanical 

properties of tissue (Mukherjee et al., 2012), preventing their degradation during storage for 

instance. However, the cross-linking process is known to affect the anisotropy of biological 

materials such as pericardium tissue (Sung et al., 1999), with an increase in mechanical 

strength seen in pulmonary ligaments (Chen et al., 2016) and increase in elasticity noted 

elsewhere in pericardial tissue (Radjeman and Lim, 1986). Conversely, heart valve tissue was 

found to be less stiff following fixation (Vesely, 1996). Regardless, fixation affects the 

structure and mechanical strength of tissue. The results of this study determined that the 

surface roughness was not affected by the fixation procedure; however, it is unclear 
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whether the cross-linking of proteins would be expected to alter the surface roughness of an 

endothelium lined coronary artery. 

The use of osmium tetroxide as a secondary fixative is common for transmission 

electron microscopy to stain membranes and provide contrast whilst imaging, and for SEM 

imaging as a heavy metal increases the samples’ conductivity. However, secondary fixation 

has been deemed unnecessary for non-delicate tissue (Moran and Coats, 2012) and can also 

cause damage to proteins (Kashi et al., 2014). Hence, in this study, a secondary fixative was 

not investigated. However, the method presented in this study could be used to assess the 

changes caused by a secondary fixative, or alternative primary chemical fixatives, to the 

surface roughness and physical dimensions of tissue. 

Dehydration prevents the distortion of light when performing microscopy and is 

necessary to ensure a vacuum for traditional SEM for instance (Hayat, 1981; Reichlin et al., 

2005). Biological tissue in the human body is naturally hydrated, and the dehydration of 

tissue has been shown to affect its viscoelastic properties (Pearson and Espino, 2013; Xu et 

al., 2011). Hence, an alcohol concentration series, like that chosen within this study, allows 

dehydration to be completed in a controlled manner, minimising distortion of the specimen 

(Beck, 1998; Moran and Coats, 2012). A final dehydration step removes the alcohol from 

within the samples. Critical point drying is a traditional procedure used for preparing 

biological samples for SEM investigation (Beck, 1998). However, HMDS is a chemical 

alternative that reduces both time and costs without compromising the quality of image 

(Moran and Coats, 2012), therefore it was chosen in this study. The dehydration process 

removes both free water molecules, and those bound to the tissue such as water soluble 
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proteins. Therefore, the results of this study which show that both the circumferential 

surface roughness and physical dimensions of coronary arteries are significantly altered due 

to dehydration appear reasonable. Further, the dependency of tissue dimensions on 

hydration, and the finding in this study that surface roughness changed significantly only 

subsequent to dehydration, imply that the need for a correction factor to compensate for 

the changes due to processing should be considered particularly when tissue processing 

includes dehydration. 

3.4.5 Storage of biological tissue 

The protocol for storing soft tissue by freezing used in the present study followed 

standard protocols used by other studies of porcine heart tissue (Millard et al., 2011; Espino, 

Shepherd, and Buchan, 2007; Espino et al., 2006; Espino et al., 2005). Freezing prevents the 

degradation of biological tissues which require storage (Goh et al., 2010). Clark, however, 

noted stiffening of vascular tissue when comparing frozen to fresh human aortic and mitral 

leaflets and chordae (Clark, 1973). It is noted, though, that there was extensive overlap in 

results from fresh and frozen specimens in Clark’s results. While other studies have noted 

that any effects of freezing soft connective tissues are outweighed by the standard deviation 

of the original measurements (Peters et al., 2017). Further, storing other soft tissues at -20 

°C have revealed no changes in mechanical properties including porcine liver (Wex et al., 

2014), porcine aortic samples (O’Leary, Doyle, and McGloughlin, 2014) and murine tendons 

(Goh et al., 2010) to name but a few. Moreover, neither repeated freeze-thaw cycles or 

extended frozen storage have been found to lead to more than minimal changes in 

biomechanical properties, for bone-patella tendon-bone soft tissue allografts (Jung et al., 
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2011) and porcine aortic tissue (O’Leary, Doyle, and McGloughlin, 2014), respectively. This is 

consistent with our own finding that a freeze-thaw cycle did not alter surface roughness of 

the tissue at -40 °C. Instead, freezing temperature (Goh et al., 2010) and method of freezing 

preservation (Aidulis et al., 2002) may be of greater relevance. Increased rate of storage and 

lower storage temperature are known to reduce of the size ice-crystals (Hukins, Leahy, and 

Mathias, 1999), with smaller ice-crystals having less effect on the extra-cellular matrix 

composing soft connective tissues (Hickey and Hukins, 1979). 

Previous studies have highlighted the benefits of storing tissue cryogenically with an 

appropriate cryo-protectant (Müller-Schweinitzer, 1994) to allow indefinite storage of blood 

vessels. Additionally, without the use of a cryo-protectant when storing at -20 °C stress-

strain properties of porcine femoral arteries were altered potentially due to ice crystal 

growth or damage to the extracellular matrix (Grassl, Barocas, and Bischof, 2004). For this 

current study, an accepted protocol for storing fresh connective tissues -40 °C was followed 

(Espino et al., 2005), consistent with the recommendation of using a freezing, rather than 

refrigeration, protocol to maintain initial stress-strain behaviour of aortic tissue (Chow and 

Zhang, 2011). Freezing alone did not affect the surface roughness or physical dimensions of 

samples. The results in this study confirm that soft connective tissues stored at -40 °C are 

not altered in physical dimensions; further, that this storage procedure does not affect the 

surface roughness (Ra) of coronary arteries. Although no significant difference was seen in 

surface roughness after a freeze-thaw cycle, some established storage procedures do 

incorporate cryo-storage and cryo-protectants (Müller-Schweinitzer et al., 1997; Müller-

Schweinitzer, 1994; Van Vré et al., 2011). Therefore, it would be of value to assess the effect 
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of cryo-protectants on the surface roughness of soft connective tissues using the 

methodology from this current study. 

3.4.6  Correcting for processing of biological tissue 

The correction factor in this study can be used as a standard for preparing coronary 

artery tissue through fixation and dehydration. This correction factor would provide outer 

limits of the circumferential surface roughness measurements, analogous to how the tissue 

fraction effect is corrected for in dynamic imaging (Holman et al., 2015). A correction factor 

would be beneficial for assessing the effect that processing techniques have on surface 

roughness measurements of biological tissues. It is accepted that measurements of tissue 

dimension (Hołda et al., 2016), tumour volume (Schned et al., 1996), and cell density 

(Doughty, 1995) should be corrected due to the effect of processing, however, this 

correction has not been quantified previously for surface roughness. The results of this study 

are beneficial to the development of biomaterials, where replicating the endothelium could 

be achieved through surface modification techniques, including nano-texturing. This would 

leave the bulk modulus of the material unchanged, but allow the opportunity to influence 

cell formation (Ross and Lahann, 2013; He et al., 2005; Espino et al., 2006; Kiyan et al., 2013; 

Flemming et al., 1999; Karagkiozaki et al., 2012; Fioretta et al., 2012; Vartanian et al., 2008; 

Vartanian et al., 2009; Le et al., 2013), increase patency rates (Govindarajan and Shandas, 

2014; O’Brien and Carroll, 2009; DePalma et al., 1972), and increase biocompatibility (Kurella 

and Dahotre, 2005; Govindarajan and Shandas, 2014; Liu, Chu, and Ding, 2004; Zhao et al., 

2013; Leszczak and Popat, 2014).  
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This study used glutaraldehyde based fixation, typically associated with the 

preparation of samples for SEM. This assessment is of value because it is difficult to perform 

SEM on tissues without any preparation, i.e. to obtain a baseline measurement for 

comparison. Therefore, the correction factor calculated would be suitable when using the 

stated protocols when preparing samples for investigation by SEM. This study, however, has 

used light microscopy which is typically associated with fixatives such as formalin or 

paraformaldehyde (Angiero et al., 2012; Zhao, Thambyah, and Broom, 2014). Given that 

such fixatives tend to be milder as compared to glutaraldehyde fixation, they would not be 

expected to alter surface roughness. Pointedly, though, the methods proposed in this study 

could be replicated to assess the effect of a range of fixation (e.g. formalin, 

paraformaldehyde, etc.) and/or dehydration protocols on surface roughness. The methods 

proposed also enable the need for correction factor to be determined, for a range of soft 

connective tissues being evaluated for surface roughness. The average mean corrected value 

of RaCβ for the initial eight porcine hearts was 1.04 ± 0.47 µm, which is comparable to the 

value of 1.31 ± 0.21 µm found when assessing the chemical processing effect on the six 

porcine hearts. A change in Ra after processing was only noted in the circumferential 

direction. Collagen is orientated circumferentially within the thicker medial layer, but 

longitudinally in the thin sub-endothelial layer; hence a change in surface roughness 

circumferentially may be due to the collagen within the thicker medial layer causing a 

significant distortion during fixation compared to longitudinally (Timmins et al., 2010).  

The uncorrected RaC and RaL values (1.98 ± 0.27 µm and 0.99 ± 0.39 µm, respectively; 

N = 8) initially measured to assess the variation of surface roughness along the length of the 

LAD coronary artery (Burton, Freij, and Espino, 2017) are comparable to those measured to 
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assess the effect of processing (1.69 ± 0.75 µm and 0.89 ± 0.27 µm, respectively; N = 6) 

(Burton, Williams, and Espino, 2017). This confirms the repeatability of results, and 

emphasises the importance of using a correction factor for the circumferential surface 

roughness. Chen et al. categorises surface roughness into three groups: surfaces with Ra >2 

µm show that an increase in Ra creates a more thrombogenic surface due to the increase in 

surface area for platelet adhesion; surfaces with Ra between 2 µm and 50 nm may contain 

topographical features to reduce the contact area for platelet adhesion; and surfaces with 

Ra of <50 nm are considered smooth to platelets (Chen, Han, and Jiang, 2011). The results 

from this study specifies the surface roughness of coronary arteries falls within the 2 µm and 

50 nm range, suggesting a potential micro-structure provides the antithrombogenic 

properties associated with healthy coronary arteries. Investigation into the multiscale 

surface roughness of coronary arteries would allow further investigation into the potential 

multi-scale surface characteristics of coronary arteries. 

3.4.7 Multi-scale characterisation 

Coronary arteries are anisotropic, where mechanical properties vary from the 

longitudinal to circumferential direction. The results in this study suggest that their surface 

roughness is also anisotropic, with Ra of LAD coronary arteries being significantly higher in 

the circumferential than longitudinal direction. This may have implications for recent studies 

investigating the helical flow in coronary arteries (Chiastra et al., 2017), and potentially 

multi-scale analysis of such flow (Lee and Smith, 2012). The main factor in the anisotropy of 

surface roughness appeared to be the presence of ridges along the artery. These ridges may 

depend on the underlying arrangement of macro-molecules such as collagen (Purslow, 
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Wess, and Hukins, 1998) and their orientation in arteries (Dahl et al., 2003; Chen, Han, and 

Jiang, 2011; Fan et al., 2009), and/or may impact on the endothelial cell orientation along 

the arteries (Chen, Cornwell, et al., 2013). The methods and findings within this chapter, 

including the correction factor calculated, are applied in chapter 4 to assess the multi-scale 

characteristics of surface roughness. 

 

3.5 CONCLUSION 

The following conclusions can be made of porcine LAD arteries: 

 the uncorrected surface roughness value measured circumferentially was greater 

than measured longitudinally (1.69 ± 0.75 µm compared to 0.89 ± 0.27 µm, 

respectively); 

 surface roughness did not vary along the length of the LAD artery; 

 a freeze-thaw cycle at -40 °C does not significantly alter the surface roughness 

measurement or physical dimensions of porcine LAD; 

 the cumulative process of glutaraldehyde based fixation followed by dehydration, 

caused no significant difference to RaL of porcine LAD, measuring an average mean of 

0.99 ± 0.39 µm; 

 the cumulative process of glutaraldehyde based fixation followed by dehydration, 

caused a significant increase to RaC, from 1.36 ± 0.40 to 1.98 ± 0.27 µm; 
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 changes to surface roughness due to processing of tissue, as described by this paper, 

can be accounted for by applying the following correction factor: 

𝑅𝑎  =
𝑅𝑎

1.46
 

 corrected RaCβ has an average mean of 1.31 ± 0.21 µm. 

In conclusion, while individual preparation procedures of tissues for microscopy may 

not alter the surface roughness of coronary arteries, additive effects may be present 

(particularly following dehydration) which may require a correction factor. For coronary 

arteries this is the case circumferentially, but not longitudinally.  
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4 MULTISCALE IMAGING 

4.1 OVERVIEW 

The surface of blood vessels has been qualitatively analysed (Bertazzo et al., 2013) 

but this provides no quantitative measurement of surface roughness. Previous work 

described in chapter 3 quantitatively analysed the surface of coronary arteries and discussed 

the importance of a correction factor when measuring surface roughness of processed tissue 

(Burton, Williams, and Espino, 2017), and section 2.3.2 discusses how surface roughness can 

be used to influence the design and development of biomaterials. The surface roughness of 

other biological tissue, such as articular cartilage (Forster and Fisher, 1999; Ghosh et al., 

2013), has been investigated without the use of a correction factor. These studies have 

noted a multiscale variance when assessing the surface of biological surfaces (Ghosh et al., 

2013). It is unknown whether a similar relationship is noted for surface roughness of 

coronary arteries. Although the surface roughness has been analysed by light microscopy 

(Burton, Freij, and Espino, 2017), the maximum magnification of the Alicona system used 

was 100×. For a higher magnification, an alternate system such as scanning electron 

microscopy (SEM) or atomic force microscopy (AFM) is preferred, as these techniques can 

capture the surface at a micro- and nano- scale. However, different microscopy techniques 

can provide dissimilar results (Forster and Fisher, 1999). For a comparison of magnification 

across a variety of microscopy techniques, a like-for-like magnification should be established 

to provide an overlap between results. Understanding the multiscale variance in the surface 

roughness would present a quantifiable boundary condition to enable multi-scale 

computational fluid dynamic (CFD) modelling of coronary arteries. 
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A helical blood flow has been noted in coronary arteries (Stonebridge and Brophy, 

1991; Morbiducci et al., 2009; Chiastra et al., 2017), which could be caused by the ridges 

seen along the surface of coronary arteries (discussed in chapter 3). Further, atherosclerotic 

lesions form in a spiral pattern along coronary arteries and have been shown to affect flow 

resistance and wall shear stress at micro-scale levels (Wong et al., 2006). Understanding of 

this helical phenomenon is relatively limited, and it is unknown as to whether the 

phenomenon reduces or increases the chance of atherosclerotic lesions to form (Kirsanov 

and Kulikov, 2012). However, the phenomenon is now considered in the design of vascular 

devices to reduce neointimal hyperplasia (Liu et al., 2014). Assessing the surface of coronary 

arteries at multi-scale will provide invaluable information to predict the effect of multi-scale 

roughness, for example through disease of coronary arteries, on blood flow and this helical 

phenomenon. Additionally, this will aid in the development of new biomaterials that can 

increase or decrease this phenomenon. 

The aim of this chapter is to assess the effect of magnification and microscopy type 

on the surface roughness of left anterior descending (LAD) coronary arteries. The methods 

of optical microscopy, SEM and AFM are considered to allow multiscale comparison of 

surface roughness between 10× to 2000× magnification. Results are presented for individual 

microscopy techniques, including through optical microscopy as presented in chapter 3.2.3, 

and trends of surface roughness are investigated between microscopy techniques and 

magnification. The correction factor calculated in chapter 3 (section 3.3.4, equation 3. 7) was 

applied to Ra results to provide outer limits of circumferential surface roughness. 
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4.2 METHODS 

4.2.1 Outline 

To allow a multiscale analysis of surface roughness, magnification was varied from 

10× to 2000× across microscopy techniques, and also included an equivalent magnification 

of 5500× (table 4. 1). Due to charging damage associated with SEM, it was not possible to 

reuse samples with AFM (specimens identified in table 4. 1). The maximum magnification 

lens with optical microscopy was 100×, therefore the minimum magnification investigated 

via optical microscopy was an order of magnitude smaller, at 10× magnification. This builds 

on work discussed in chapter 3, where 10× magnification was chosen as the optimum 

magnification for the surface roughness values measured.  

To assess an overlap of scale, SEM was investigated with a minimum magnification of 

100× to allow like-for-like comparison with optical microscopy. Again, to assess multiscale 

effects of surface roughness, surface imaging was performed at an order of magnitude 

greater (1000×) than the SEM minimum magnification, and also at twice this magnification 

(2000×). A greater equivalent magnification was possible (5500×) due to AFM, and this was 

also investigated. 
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Table 4. 1 – Specimen selection. †AFM magnification is not a true magnification, but a calculated 
equivalent magnification (see section 4.3.3 for further detail). In heart identification, the letters a-h identify 
which specimens were used for which microscopy techniques. 

Microscopy 
type 

Heart identification Scan area Number of repeat 
Ra (in each 
orientation) 

Magnifications 

Optical N = 6 (a, b, c, d, e, f) 

1623 × 1623 µm 

811 × 811 µm 

323 × 323 µm 

162 × 162 µm 
 

n = 5 

10 

20 

50 

100 

Scanning 
electron 

N = 5 (d, e, f, g, h) 

1230 × 1700 µm 

123 × 170 µm 

61 × 85 µm 
 

n = 5 

100 

1000 

2000 

Atomic force N = 3 (a, b, c) 50 × 32 µm n = 3 5500† 

 

4.2.2 Dissection and initial sample preparation 

Eight porcine hearts were dissected and prepared as described in chapter 3.2.2 

(Burton, Freij, and Espino, 2017; Burton, Williams, and Espino, 2017). For this study, the 

middle specimens were selected for investigation, as previous work (presented in chapter 3) 

found no change in surface roughness along the length of the LAD coronary artery (Burton, 

Freij, and Espino, 2017). To assess the multiscale surface roughness of coronary arteries, 

specimens were imaged through optical, scanning electron and atomic force microscopy. As 

previously described, surface roughness was assessed in the circumferential and longitudinal 

directions, x and y axis respectively (chapter 3). 
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For this study, to allow a comparison between magnification and microscopic 

technique, all specimens were fixed and dehydrated following the protocol in chapter 3.2.4. 

This was essential when imaging specimens particularly for SEM under vacuum conditions, 

which requires dehydrated samples to prevent liquid within a sample from vaporising. 

4.2.3 Optical imaging 

Using an optical focus variation microscope (G5 Infinite Focus, Alicona UK, Kent, UK), 

images were taken at 10×, 20×, 50× and 100× magnifications (N = 6). Lighting conditions, 

focussing points and resolutions were set as described in chapter 3.2.3. The area of scan was 

selected as the automatic region at each magnification to reduce scan time and file size 

(table 4. 1). Areas were selected to avoid bifurcations and damage due to dissection when 

selecting the 10× magnification zone, as described in chapter 3.2.3. Scan areas were taken at 

the same central x and y positions as the 10× magnification area, simply increasing the 

magnification at the centre of each image. Three-dimensional (3D) reconstruction was 

performed using the Alicona IF-Laboratory Measurement Module (version 6.1, Alicona UK, 

Kent, UK), from which the mean average of five Ra values was measured across the entire 

longitudinal and circumferential lengths, calculating both the circumferential (RaC) and 

longitudinal (RaL) surface roughness. This resulted in 30 data values for RaC and RaL 

separately, at each magnification, across the six porcine LAD specimens. 

4.2.4 Scanning electron microscopy 

SEM allows higher magnification investigation of a specimen. Under vacuum 

conditions, an electron beam is fired at the surface of the sample. In addition to preparing 

specimens through fixation and dehydration (section 4.2.2), for SEM investigation specimens 
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underwent sputter coating (figure 4. 1). Non-conductive samples, such as biological tissue, 

require sputter coating before electron imaging to prevent charging. Charged samples can 

cause artefacts such as warping to the image, where trapped electrons repel the electron 

beam and distort the resulting image. Sputter coating provides grounding and a thin, 

conductive coating to specimens (Beck, 1998). Thus, prior to imaging samples using SEM, 

specimens were mounted on an SEM stub with conductive double-sided tape and were 

sputter coated with gold at 2.5kV using an Agar automatic sputter coater (figure 4. 1, Agar 

Scientific, Elektron, Technology UK Ltd, Essex, UK) for 30 s at 20 mA, followed by a further 30 

s at 30 mA, to ensure an even covering of 150-200 Å (Beck, 1998). 

 
Figure 4. 1 – (a) Agar automatic sputter coating machine (Agar Scientific, Elektron, Technology UK Ltd, 

Essex, UK); (b) sputter coated specimen mounted on SEM stub with conductive tape. 
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Figure 4. 2 – 4 surface scans captured by the Quad Back Scatter Electron (BSE) detector of the same 

surface area, imaged at 1000× magnification by SEM. 

 

Samples were imaged using a Hitachi TM3030 SEM (figure 4. 4, Hitachi Ltd., Tokyo, 

Japan) at 15 kV. Surfaces were scanned at 100× magnification, at 1000× magnification, and 

2000× magnification (N = 5). After the electron beam strikes the surface, the backscattered 

primary electrons are released, and these are detected by the Quad Back Scatter Electron 

(BSE) detector (figure 4. 3) as two-dimensional (2D) surface scans (figure 4. 2). The 4 surface 

scans are stitched together automatically to create a 3D reconstruction using 3D-VIEW 

software (Hitachi Ltd., Tokyo, Japan) (Hitachi, 2013). Similar to the method of surface 

roughness measurement with optical microscopy (chapter 3.2.3), the mean average of five 
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values was calculated for Ra in both the circumferential and longitudinal direction, along the 

full length of the imaged region, resulting in 25 data values for both RaC and RaL separately, 

at each magnification, across the five porcine LAD specimens. Areas such as bifurcations and 

damage due to dissection were avoided (as described in chapter 3.2.3). 

 
Figure 4. 3 – BSE detection. Electron beam passes through objection lens and hits sample, causing 

electron scatter. BSE detector detects the back scattered electrons. The BSE detector is sectioned into four 
quadrants, resulting in 4 separate surface scans. 
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Figure 4. 4 – TM3030 table top SEM (Hitachi Ltd., Tokyo, Japan). 

 

4.2.5 Atomic force microscopy 

The same specimens that had been dissected and processed in section 4.2.3 and 

4.2.4 were used for AFM investigation (table 4. 1). AFM measures the surface of a sample in 

3D, with a probe scanning the surface in a raster pattern whilst measuring the horizontal (x 

and y plane) and vertical (z plane) position of the probe (figure 4. 6). Measurements were 

made using a Nanowizard II AFM (JPK Instruments AG, Berlin, Germany), operating in non-

contact tapping mode, using height profile modulation (figure 4. 5). This method has been 

used by others when studying the surface of arteries (Timashev et al., 2016). 

As the tip of the probe scans the surface of the sample, van der Waals forces are 

detected between the sample and tip through deflection of the probe, which is calculated 
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from the reflected laser deflection (figure 4. 6). PointProbe Plus non-contact high resonance 

frequency silicon scanning mode microscopy sensors were employed, with tip radius <10 nm 

(Nanosensors TM., Switzerland), similar to the 8 nm tip radius used by Timashev et al. when 

studying arteries with AFM (Timashev et al., 2016). The non-contact mode was chosen due 

to tissue deformation associated with AFM in contact mode (Canale et al., 2011), and also 

concerns of the tip moving in a jerking motion due to stick-slip phenomenon (Mate et al., 

1987). 

The tip height was 10-15 µm, with a cantilever force constant of 10-130 N/m. An area 

of 50 µm  32 µm was scanned. Scans were processed using JPK Data Processing software 

(JPK Instruments AG, Berlin, Germany). The mean of three values was calculated for Ra in 

both the circumferential and longitudinal direction for each sample, resulting in 9 data 

values for both RaC and RaL separately across the three porcine LAD specimens. This used 

the same averaging process of assessing Ra in three different regions as performed in other 

studies (Tholt et al., 2006). The Ra profiles were taken across the entire length of the x and y 

axis of the scanned area (RaC and RaL respectively), with areas of bifurcation and dissection 

damage avoided (described in chapter 3.2.3). 

As AFM uses a probe to scan the surface, a magnification is not set for this method. 

However, an equivalent magnification can be calculated from the resultant size of image 

displayed from the actual size of image scanned (equation 4. 1). 

Equation 4. 1 Magnification = 
Measured distance

Actual distance
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Figure 4. 5 – Nanowizard II AFM (JPK Instruments AG, Berlin, Germany). 
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Figure 4. 6 – Principles of AFM. Deflected probe results in reflected laser detection, identified by the 

photodiode. Cantilever deflection is caused due to the force interaction between sample and probe tip. In non-
contact mode the tip oscillates close to the sample surface. 

 

4.2.6 Correction factor 

The correction factor presented in chapter 3 was calculated for specimens where a 

significant difference was seen in Ra before and after processing. Its purpose was to present 

the outer limits of Ra values. Thus, the correction factor (equation 4. 2) was applied to 

surface roughness in the circumferential direction to give RaCβ, as a significant difference 

was seen in RaC due to processing (chapter 3). 

Equation 4. 2 Raβ =
Ra

1.46
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4.2.7 Surface reconstruction 

For microscopy techniques that output a 3D data point cloud in a plain text format, 

with data presented in a 3 × n array of x, y, and z axes co-ordinates, 3D reconstruction can be 

performed in external numerical computing software. Using a script programmed in MATLAB 

(MathWorks, Natick, MA, USA), a plain text file was loaded, the 3D point cloud was 

interpolated to fill in any voids of missing data, and a surface was reconstructed from the 

scan data. The code used to create these reconstructions is provided in the Appendix. 

4.2.8 Data analysis 

Two separate analyses were performed on data: the first assessed if magnification 

caused a significant difference to surface roughness; the second assessed if microscopic 

technique caused a significant difference to surface roughness. For this, the null hypothesis 

of a one-way analysis of variance (ANOVA) was assessed, with Tukey pairwise post hoc test 

used to assess a significant difference (p < 0.05) in surface roughness due to magnification 

with both optical microscopy and SEM separately. A two-way ANOVA was deemed 

inappropriate due to the lack of significant overlap in magnification variables between 

microscopy techniques. Additionally, significant differences in surface roughness were 

assessed (p < 0.05) in magnification groups across microscopic techniques combined, which 

also included results measured by AFM (Reilly, 2015; Bland, 2000).  

Finally, surface roughness in the circumferential and longitudinal direction was 

assessed for significant difference (p < 0.05), testing the null hypothesis using a student 

paired t-test at all magnifications with each microscopy technique. Data is presented as 

mean ± standard deviation unless otherwise stated. The correlation of surface roughness 
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was assessed for the multiscale results of optical microscopy and SEM, with significance 

assessed for relationship fit (p < 0.05). 

4.3 RESULTS 

4.3.1 Optical imaging results 

 
Figure 4. 7 – 2D optical images using Alicona Infinite Focus microscope at (a) 10×, (b) 20×, (c) 50× and 

(d) 100× magnification. Missing data points identified by the white arrows. 
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Using magnifications between 10× to 100× with the optical microscope method did 

not significantly alter the measured Ra value (p > 0.05; table 4. 2). When measuring surface 

roughness from 3D reconstructed optical images, RaC was significantly greater than RaL at all 

magnification levels (0.72 ± 0.31 µm and 0.28 ± 0.10 µm; table 4. 2; p < 0.05). 

 
Figure 4. 8 – 3D reconstruction of optical images at (a) 10×, (b) 20×, (c) 50×, and (d) 100× 

magnification. Specimen dimensions along the x and y axes are a) 1623 × 1623 µm; b) 811 × 811 µm, (c) 323 × 
323 µm, (d) 162 × 162 µm. Minor residue – white arrow. Missing data points – black arrow. 

 

2D images at each optical magnification, and corresponding 3D reconstruction, are 

shown in figures 4. 7 and 4. 8 respectively, from which ridges are visible along the 

longitudinal direction. Artefacts visible on the surface include gaps in the data set, due to 

distortion of light causing incorrect collection of data points by the microscopy system. 

There are also minor residues from the processing of tissue visible as small bumps on the 

surface. 
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4.3.2 SEM results 

Using magnifications between 100× to 2000× with the SEM method did not affect Ra 

values (p > 0.05; table 4. 2). However, unlike optical microscopy, when using SEM methods 

to measure surface roughness there was no significant difference between RaC and RaL (0.21 

± 0.09 µm and 0.19 ± 0.08 µm; table 4. 2; p > 0.05) for each magnification. 3D reconstructed 

and 2D SEM images are shown in figure 4. 10 respectively, where ridges are seen in the 

longitudinal direction at all magnifications. Again, minor residue due to processing is present 

on the surface of specimens causing artefacts. Additionally, in the 2D reconstruction slight 

charging is apparent (figure 4. 10), and cracks can be seen on the surface of the specimen 

due to processing then flattening specimen for SEM. 
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Figure 4. 9 – 3D reconstruction of SEM images at (a) 100× and (b) 1000× magnification. Specimen 

dimensions in x and y axis are (a) 1700 × 1230 µm and (b) 170 × 123 µm. Minor residue – white arrow. 
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Figure 4. 10 – 2D SEM images at (a) 100×, (b) 1000× and (c) 2000× magnification. Minor residue – 

white arrow. Charging of specimen – black arrows. Cracks in specimen – white arrows. 
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4.3.3 AFM results 

An equivalent magnification was calculated for AFM, using equation 4. 1. When 

displayed on a 24-inch computer monitor, an AFM image had a width of 275 mm, where the 

scanned width is 50 µm. Therefore, an equivalent magnification would be 5500×. 

Figures 4. 11 and 4. 12 show a 2D surface image and it corresponding 3D 

reconstructed image, with the longitudinal direction (ridge alignment) identified in figure 4. 

11. The scale bar displayed in figure 4. 11 would indicate that the AFM surface was imaged 

equivalent to the 5500× magnification (equation 4. 1), which displays comparable surface 

characteristics at a similar scale. Minor residue from the processing of tissue is apparent on 

the surface of the specimen (figure 4. 11) creating an artefact on the surface. 

 
Figure 4. 11 – 2D AFM image. Black arrows – minor residue. White arrow – longitudinal direction. 
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Figure 4. 12 – 3D reconstruction of AFM image. 

Similar to SEM measurements, when using AFM methods to measure surface 

roughness there was no significant difference between RaC and RaL (0.50 ± 0.04 µm and 0.34 

± 0.02 µm; table 4. 2; p > 0.05) for each magnification. 

4.3.4 Reconstructed surfaces 

Figures 4. 13 and 4. 14 show reconstructed surfaces using MATLAB (MathWorks, 

Natick, MA, USA) of the LAD coronary artery from 3D data point clouds outputted by optical 

microscopy (10× and 100× magnification). 
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Figure 4. 13 – Reconstructed mesh of surface from data point cloud collected by optical microscopy, 

scale in µm (10× magnification). 

 
Figure 4. 14 – Reconstructed mesh of surface from data point cloud collected by optical microscopy, 

scale in µm (100× magnification). 
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4.3.5 Multi-scale assessment 

In the circumferential direction, when imaged by optical microscopy at low 

magnification (10×), RaC was significantly greater than measurements taken at all 

magnifications of SEM (p < 0.05; figure 4. 16). However, at higher magnifications of optical 

microscopy (100×), no significant difference was seen in RaC compared to when imaging at 

all magnifications with SEM (p < 0.05; figure 4. 16). 

Using the AFM imaging method, no significant difference was found between Ra 

measurements for either the optical or SEM imaging method (p > 0.05; figure 4. 16 and 4. 

18), in both the circumferential and longitudinal directions. At 100× magnification, there was 

no significant difference in Ra between optical microscopy and SEM results (p > 0.05; table 4. 

2). 

In the longitudinal direction, the extreme magnification limits of the non-contact 

microscopy techniques in this study (10× optical and 2000× SEM), saw a significant 

difference in RaL (p < 0.05; figure 4. 18), although between all other magnifications of optical 

and SEM imaging there was no significant difference in RaL (p > 0.05). 
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Table 4. 2 – Surface roughness values at each magnification and microscopy type. Results are shown as 
mean ± SD. For: optical microscopy n = 6; SEM n = 5; and AFM n = 3. † Equivalent magnification for AFM, see 
section 4.3.3. 

 RaC (µm) RaL (µm) RaCβ (µm) 

10× optical 0.91 ± 0.27 0.35 ± 0.08 0.62 ± 0.17 

20× optical 0.73 ± 0.32 0.25 ± 0.07 0.50 ± 0.20 

50× optical 0.69 ± 0.36 0.26 ± 0.09 0.47 ± 0.22 

100× optical 0.55 ± 0.27 0.26 ± 0.13 0.38 ± 0.17 

100× SEM 0.19 ± 0.08 0.19 ± 0.05 0.13 ± 0.05 

1000× SEM 0.27 ± 0.10 0.25 ± 0.11 0.18 ± 0.06 

2000× SEM 0.17 ± 0.09 0.15 ± 0.05 0.12 ± 0.06 

5500× AFM† 0.50 ± 0.07 0.34 ± 0.03 0.34 ± 0.04 

 
 

 

Figure 4. 15 - Multiscale analysis of circumferential surface roughness for optical (blue) and SEM 
(orange) at various magnifications (10×, 20×, 50×, 100×, 1000× and 2000×). Error bars are standard deviation. 
Logarithmic relationship shown. 
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RaC tended to decrease with magnification, with a strong correlation to a logarithmic 

relationship noted (figure 4. 15; equation 4. 3; R2 of 0.75; p < 0.05). When considering the 

optical results alone a significant logarithmic relationship with R2 of 0.91 was noted (figure 4. 

16; equation 4. 4; p < 0.05), with RaC decreasing with increase of magnification. Similarly, 

when assessing RaCβ from optical microscopy measurements, a logarithmic relationship was 

noted with R2 of 0.91 (figure 4. 17; equation 4. 5; p < 0.05). 

 

Equation 4. 3 y = -0.30 log10 (ɱ) +  1.12 

Equation 4. 4 y = -0.32 𝑙𝑜𝑔 (ɱ) + 1.20 

Equation 4. 5 y = -0.22 𝑙𝑜𝑔 (ɱ) + 0.82 

 

 

Figure 4. 16 – Logarithm of magnification levels to base 10 for mean data of RaC, where error bars are 
standard deviation (blue = optical, orange = SEM, grey = AFM). Logarithmic relationship shown for optical 
microscopy. 
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Figure 4. 17 - Logarithm of magnification levels to base 10 for mean data of RaCβ, where error bars are 
standard deviation (blue = optical, orange = SEM, grey = AFM). Logarithmic relationship shown for optical 
microscopy. 

 

Mean and standard deviation for RaL across all magnifications measured with all 

microscopy types are presented in figure 4. 18. RaL was calculated with a mean value of 0.26 

± 0.06 µm, with no trend noted. 
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Figure 4. 18 – Logarithm of magnifications levels to base 10 for mean data of RaL, where error bars are 
standard deviation (blue = optical, orange = SEM, grey = AFM). No trend noted. 

 

4.4 DISCUSSION 

This study, for the first time, analyses the multiscale surface roughness of LAD 
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significant effect on roughness in the longitudinal direction, with an average value of 0.26 ± 

0.06 µm. It highlights the effects both microscopy type and magnification have on surface 

roughness, and determines that surface roughness of LAD coronary arteries is more sensitive 

to magnification than microscopy type. Thus, a multiscale characterisation of coronary 
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magnification increases. A larger sample size could have been chosen to identify if a 

significant difference was noted, however, the general trend found in this study would still 

be valid. The dehydrated specimen surface roughness at 10× optical microscopy presented 

in chapter 3.5 is greater than that presented in this chapter (RaC and RaL: 1.98 ± 0.26 and 

1.07 ± 0.18 µm; 0.91 ± 0.27 and 0.35 ± 0.08 µm), likely due to the change in calibration of 

microscopy system between chapters (G4 and G5 Alicona Infinite Focus). Within this 

chapter, at 10× magnification smaller profile lengths of 1.62 mm were assessed, whereas in 

chapter 3 profile lengths were 2.63 mm. However, the lengths used in both studies are 

greater than the recommended length (0.8 mm) for the range of Ra (0.1 – 2 µm) measured 

as stated within ISO 4288 (1996). Nonetheless, the underlying trends found in each chapter 

are not affected by this: RaC is significantly greater than RaL (noted in both chapter 3 and 

chapter 4); dehydration increases RaC surface roughness (concluded in chapter 3); increase 

in magnification decreases RaC (concluded in chapter 4). 

Further investigation into the multi-scale characteristics of the surface roughness of 

coronary arteries would be beneficial, as Ra is dependent on the measurement method used 

(Ghosh et al., 2013). A correction factor could be determined for scanning electron 

microscopy, to correct the changes caused by processing to surface roughness at a nano-

scale. Processing of tissue resulted in minor residue on the surfaces of samples (Parekh et 

al., 2014), visible in the 2D and 3D reconstructions of optical microscopy, SEM and AFM 

images in section 4.3. Environmental scanning electron microscopy (ESEM) would be useful 

in aiding this, as it would be possible to measure the surface roughness at the various stages 

of processing, including in a hydrated form, at higher magnifications than possible with an 

optical microscope (Alhede et al., 2012). Due to lack of conductivity with hydrated samples 
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when using ESEM, it is not possible to study biological material at high magnification as 

damage is caused to the surface. Additionally, as shown in this study and elsewhere (Ghosh 

et al., 2013), using a different microscopy technique can provide varying surface roughness 

measurements and therefore a comparison between SEM and ESEM may not be 

appropriate, unless similar magnifications can be achieved. 

In this study, no difference was seen in RaL across microscopy types. However, optical 

microscopy consistently provided higher RaC results than both SEM and AFM, and even at 

like-for-like magnification (100×), a significant difference was seen between optical and SEM 

measurements of RaC. Although no significant difference was seen in Ra for change in 

magnification of SEM results in this study, Ghosh et al. noted an increase in surface 

roughness for articular cartilage with increase of magnification of SEM (Ghosh et al., 2013). 

Ghosh et al. also noted that Ra SEM results were higher than those taken with AFM. While 

Ghosh et al. state that measurements taken with stereoscopic microscopy techniques (SEM) 

are greater than those measured through contact methods (AFM), they do not assess the 

surface using other stereoscopic techniques, such as the optical microscopy presented in this 

study. Although this study did not find a difference in results taken with AFM and SEM, the 

calculated magnification of AFM, 5500×, was an estimated equivalent. For the purpose of 

this study it provides an estimate of the multiscale nature of surface roughness 

measurements investigated. Further, there is no reason that the surface of articular cartilage 

should present the same multi-scale properties as coronary arteries. Despite not being 

consistent with the findings within this study, one should note that both studies highlight the 

importance of using a consistent measurement technique when making comparisons of 

surface roughness of biological tissue and measuring over multiple scales. 
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The results of this study are essential for increasing our understanding of coronary 

artery disease. It is possible to identify disease of biological tissue from surface roughness 

(Antonio et al., 2012; Girasole et al., 2007; Buys et al., 2013; Peng and Wang, 2013). Scale 

has been shown as significant when measuring properties of biological materials (Peng and 

Wang, 2013; LaTorre and Bhushan, 2006). Recent studies have highlighted the capability of 

using multiscale biological and physiological properties of the heart for computer modelling 

the circulatory system, emphasising the potential for studying healthy and diseased cardiac 

systems (Wang et al., 2017). The new generation of biological materials already use 

multiscale properties to influence cell growth and mechanical properties, creating micro- 

and nano-porosity within materials (Perez and Mestres, 2016). The results in this study 

could, therefore, enable the surface of cardiovascular devices to mimic the properties of 

natural arteries more closely. 

Other studies have qualitatively assessed the dehydrated surface of coronary arteries 

using SEM (Reichlin et al., 2005; Yuan et al., 2016), and they have also investigated the 

hydrated sample using scanning force microscopy (Reichlin et al., 2005). Further, in diseased 

arteries, atherosclerotic lesions spiral through the coronary arteries (Wong et al., 2006). 

Endothelial cells were noted to be aligned longitudinally, as they were within this study, 

causing ridges along the sample surface (Uchida et al., 2011). However, none of these 

studies quantified the surface roughness of arteries, or noted a helical arrangement of 

ridges. However, as these studies did not compare the higher magnifications to lower, as in 

this study, the helical arrangement may not have been seen due to the sample area 

assessed. For example, with AFM at 5500× it was not possible to identify this helical 

arrangement, only when assessing the ridges at a macro- and micro-scale. 
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Many microscopy techniques allow 3D reconstruction of images as part of software 

provided by the microscope manufacture. For example, Alicona IF-Laboratory Measurement 

Module (version 6.1, Alicona UK, Kent, UK), 3D-VIEW software (Hitachi Ltd., Tokyo, Japan), 

and JPK Data Processing software (JPK Instruments AG, Berlin, Germany), with figures 4. 8, 4. 

9, and 4. 12 showing the reconstructed outputs for each, respectively. Figures 4. 13 and 4. 14 

present data point clouds that are reconstructed using MATLAB. This demonstrates that a 

surface can be exported as compatible output file type for computational modelling, and 

there is the ability to apply the surfaces to CFD models to develop more predictable fluid 

structure interaction models. The reconstructions presented are for 10× and 100× 

magnification, validating the feasibility of multi-scale analysis of the effect of surface 

topography on blood flow. Additionally, it can help to create a standard to which new 

biomaterials or cell seeded structures can be compared to, with the MATLAB reconstructions 

allowing a greater flexibility to perform further analyses on the surfaces. 

Similar to work presented in chapter 3, a significant difference was seen in surface 

roughness measured circumferentially and longitudinally with optical microscopy. However, 

this trend was not noted when measuring surfaces with SEM or AFM, even at identical 

magnifications across techniques. As magnification is increased, more detail is observed on 

the surface of LAD coronary arteries (figures 4. 7 and 4. 10 show surface detail with 

increased magnification for optical microscopy and SEM respectively). 

The method described in chapter 3 which described how a correction factor was 

calculated for the processing of biological tissue to its dehydrated form could be replicated 

for other microscopy techniques, assessing different fixation chemicals, dehydration 
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techniques, and the effect of sputter coating on surface roughness. This present study again 

highlights the significance of using a correction factor when calculating surface roughness of 

biological tissues that have been processed. 

 

4.5 CONCLUSION 

A multiscale analysis was performed on the surface roughness of LAD coronary 

artery. Surface roughness values have been shown to vary when measured at different 

magnification levels, and Ra is also affected by microscopy type. Further, the importance of 

using a correction factor when assessing surface roughness values of processed biological 

soft tissue has been reiterated. The following conclusions were made: 

 RaC was significantly greater when calculated from optical microscopy compared to 

SEM (0.72 ± 0.31 µm and 0.21 ± 0.09 µm, respectively); 

 RaC measured by AFM (0.50 ± 0.07 µm) did not significantly differ to results of optical 

microscopy and SEM; 

 RaL did not vary with microscopy type or magnification, with an average value of 0.26 

± 0.06 µm; 

 For non-contact microscopy methods, Ra was significantly greater at lower (10×) 

compared to higher (2000×) magnification in both the circumferential and 

longitudinal direction (0.91 ± 0.27 compared to 0.17 ± 0.09, and 0.35 ± 0.08 µm 

compared to 0.15 ± 0.05 µm, respectively). 
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5 MECHANICAL TESTING 

5.1 OVERVIEW 

Previous studies have investigated the mechanical properties of coronary arteries, as 

described in chapter 2, table 2. 3. Unlike the conventional testing methods that have 

characterised the viscoelastic mechanical properties of coronary arteries employed by these 

studies, dynamic mechanical analysis (DMA) is a dynamic testing method which 

characterises the viscoelastic properties of a material under physiological parameters. 

Coronary arteries should be characterised dynamically, as it more closely replicates the 

dynamic environment that the arteries are found. As the heart beats within the human 

body, blood flows through the cardiovascular system, causing contraction and expansion in 

the cardiovascular tissues. This chapter uses DMA to characterise porcine left anterior 

descending (LAD) coronary arteries.  

DMA enables a material’s viscoelastic properties to be determined at physiologically 

relevant frequencies. The viscoelastic properties are characterised by storage and loss 

moduli (Hukins, Leahy, and Mathias, 1999) which describe the material’s ability to store and 

dissipate energy, respectively. DMA has been applied to soft connective tissues, including 

articular cartilage (Fulcher, Hukins, and Shepherd, 2009; Sadeghi, Espino, and Shepherd, 

2015), intervertebral discs (Gadd and Shepherd, 2011), chordae tendineae (Wilcox, Buchan, 

and Espino, 2014) and the bladder tumours (Barnes et al., 2016). An advantage of 

quantifying viscoelastic properties by a dynamic method, over conventional stress relaxation 

and creep methods, is that the physiological loading conditions can be more closely 
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replicated (Lawless et al., 2016). For example, it enables frequency-dependent viscoelastic 

properties to be characterised. The frequency-dependent relationship of dynamic elastic 

modulus has been investigated through a pressurised model of mice pulmonary arteries 

(Wang et al., 2013). However, characterisation of frequency-dependency has not been 

performed for coronary arteries, let alone for their dynamic viscoelasticity. 

Mechanical properties of coronary arteries have been shown to alter with disease 

(Taniguchi et al., 2015). Disease has also been identified in biological tissue through a change 

in surface roughness, for example in blood cells (Nabel and Braunwald, 2012) and articular 

cartilage (Bertazzo et al., 2013). In this chapter, to replicate diseased/unhealthy coronary 

artery, mechanical damage was caused to LAD coronary arteries with extreme physiological 

loading, imitating mechanical rupture of the artery. The resultant surface roughness was 

compared to that of healthy tissue, before and after processing of tissue as described in 

chapter 3. The results presented can aid the development of new biomaterials for 

cardiovascular applications, and improve our understanding of the effects of coronary artery 

disease on blood flow. 

The aim of this chapter was to measure the relationship between mechanical 

behaviour and surface roughness of LAD coronary artery. This was achieved by quantitatively 

measuring the dynamic viscoelasticity of LAD coronary arteries at physiological relevant 

frequencies. Additionally, a comparison between healthy and damaged coronary artery has 

been described through the cause of mechanical damage to LAD arteries, and the study of 

their surface roughness.  
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The experimental DMA testing within this chapter was delegated to a Masters 

student who was supervised by the author, with the results provided in data form for this 

study (Burton, Freij, and Espino, 2017). Design of experiments and all data analysis, 

determined outcomes, discussion and conclusions are the work of the author. Further, the 

mechanical damage through uniaxial displacement of tissue was performed by the author. 

 

5.2 METHODS 

5.2.1 Outline 

A Bose ElectroForce 3200 testing machine, as seen in figure 5. 1, operated with 

WinTest DMA software (Bose Corporation, ElectroForce Systems Group, Minnesota, USA) 

was used to perform mechanical testing on specimens. Specimens either underwent testing 

for DMA (sections 5.2.3, 5.2.4 and 5.2.5), or for uniaxial overloading (section 5.2.6). For 

DMA, 3 specimens were used from each sample (proximal, middle and distal); when 

performing uniaxial overloading to specimens only proximal and distal samples were 

mechanically tested, with the middle samples kept as control specimens. 
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Figure 5. 1 – Bose ElectroForce 3200 testing machine. 

 

5.2.2 Preparation for mechanical testing 

Specimens, dissected as described in chapter 3.2.2, were held in place for testing 

using grips lined with emery paper (P400 and P60) leaving an un-stretched gauge length (x) 

of 4.57 ± 0.75 mm (figure 5. 2). The gripping method, using emery paper and a compressive 

force to fix the top and bottom of specimens (seen in figure 5. 3.), is used in other studies for 

mechanical testing of soft, biological tissue (Millard et al., 2011; Wilcox, Buchan, and Espino, 

2014; Barnes et al., 2015). 
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Figure 5. 2 – Specimen positioned in emery paper, with unstretched gauge length (x). 

 

Samples were preloaded to a stretched gauge length of 16.63 ± 2.24 mm, measured 

with a rule between the grippers, removing the slack seen by the specimen due to dissection 

from surrounding tissue, as the full length of samples before dissection (gauge plus gripping 

length) was 20 mm. To prevent the specimen from dehydrating, tissue soaked in Ringer’s 

solution was wrapped around the specimen so as not to interfere with the gripping of 

samples (figure 5. 3). 
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Figure 5. 3 – Coronary artery specimen gripped in Bose ElectroForce 3200 testing machine, wrapped in 

tissue paper soaked in Ringer’s solution, with preload applied. 

 

5.2.3 Pre-conditioning 

Biological tissue requires pre-conditioning to provide repeatable results when 

performing mechanical testing (Konta, Hugh, and Bett, 2003; Arbab-Zadeh et al., 1999). 

Before DMA testing, samples were pre-conditioned, consistent with testing of other soft 

tissues (Kakisis et al., 2005). Pre-conditioning was applied for 10 cycles, as after this the 

hysteresis loops had converged (figure 5. 4). A longitudinal displacement of 3 mm at a rate of 

0.5 mm/s was applied to specimens – the loading rate was associated with the dynamic 

amplitude (0.5 mm) used in DMA, at a physiological frequency of resting heart rate (1 Hz). 3 

mm displacement was found as a common extension length that did not fail proximal, 

middle or distal samples during preliminary testing, therefore this extension displacement 

was chosen to not cause damage to specimens during the preconditioning stage. 
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Figure 5. 4 – Regression lines from first to tenth cycle of testing, converging by the 10th cycle. 

 

5.2.4 Dynamic mechanical analysis protocol 

For testing, two sinusoidal displacement loading protocols were used due to the non-

linear relationship displayed by coronary arteries, evident by the J shaped curve (figure 5. 4). 

One displacement protocol was between 1-1.5 mm and the other between 1.5-2 mm, i.e. 

mean displacement of 1.25 mm and 1.75 mm, respectively, covering the linear sections 

before and after the transition point on the J curve. The transition point is estimated as the 

point on the J curve between the linear regions of pre- and post- transitional moduli, noted 

as the elbow point by Claes et al. (2010). Both loading protocols used a dynamic amplitude 

of 0.50 mm (i.e. peak to trough). Previous studies measured the median longitudinal 

displacement of the LAD artery to be 1.36 mm (Arbab-Zadeh et al., 1999). Therefore, tests 

between 1-1.5 mm correspond to the median longitudinal displacement. The 1.5-2 mm 
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range, instead, corresponded to coronary arteries undergoing deformation above median 

values, also reported in literature (Arbab-Zadeh et al., 1999). 

Samples were loaded over frequencies ranging from 0.5 Hz up to 10 Hz. Between 0.5-

5 Hz, testing frequencies increased at 0.5 Hz intervals; whereas, from 6-10 Hz testing 

frequencies increased in 1 Hz increments. The frequency range covered bradycardia (<60 

beats per minute, bpm; i.e. less than 1 Hz), physiological heart rates (from 1 Hz up to 3 Hz for 

exercise), and tachycardia (>250 bpm, i.e. 4 Hz) (Hall, 2010). The frequencies up to 10 Hz 

were calculated from maximum results presented by Kuznetsova et al. for the left ventricle, 

with maximum radial and longitudinal strain rates (3.1 to 4.1 s-1 and 1.0 to 1.4 s-1) and strain 

ranges (50 to 70% and 15 to 25%) respectively (Kuznetsova et al., 2008). As the coronary 

artery is connected to the myocardium which moves in three dimensions, a vector 

assumption was made for the maximum and minimum strain in longitudinal and radial 

directions, represented by equations 5. 1 and 5. 2 respectively. Subscript r and l represent 

the radial and longitudinal directions respectively. 

 

Equation 5. 1 ε = 
εr

εl
 

Equation 5. 2  SR = 
SRr

SRl
 

 

Engineering strain, ε (equation 5. 3) was used to derive strain rate, SR, in equation 5. 

4. The frequencies, f, were calculated as 4.3, 5.8, 6.3 and 8.4 Hz from equation 5. 5, by 

conversion of units. 
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Equation 5. 3 ε = 
L(t)-Lo

Lo
 = 

∆L

Lo
 

Equation 5. 4 SR = 
dε

dt
= 

d [L(t)- Lo]

Lo dt
= 

v(t)

Lo
 

Equation 5. 5 f = 
v(t)

∆L
 

 

Where Lo is the initial length of specimen, v(t) the instantaneous velocity, and ΔL is 

change in length. 

5.2.5 Viscoelasticity 

This method has been used to determine viscoelastic properties of other natural 

tissue (Barnes et al., 2016; Barnes et al., 2015; Sadeghi, Espino, and Shepherd, 2015). The 

specimens’ displacement and resulting force were measured, and using the WinTest 

software the complex dynamic stiffness, k*(ratio of force to displacement wave amplitude, 

following Fourier analysis), and phase angle, δ (phase lag between force and displacement), 

were determined. The WinTest software calculates k* using Fourier analysis to determine 

the peak load to peak displacement ratio, and δ by using Fourier analysis to determine the 

phase difference between load and displacement (Barnes et al., 2015). Using the shape 

factor for a rectangular test specimen, S (equation 5. 6) (Menard, 2008), the storage (E’) and 

loss (E’’) moduli were calculated using equations 5. 7 and 5. 8, respectively. 
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Equation 5. 6 S  = 
wt

l
 

Equation 5. 7 E' =
k*cos(δ)

S
 

Equation 5. 8 E'' =
k*sin(δ)

S
 

 

Here, w is width, t is thickness and l is gauge length of the specimen sample. The 

width measurement, w, was the mean average of W1 and W2 for each sample. 

5.2.6 Damage 

To replicate diseased coronary arteries, damage was inflicted on specimens through 

uniaxial over-loading of specimens using the Bose ElectroForce 3200 in their longitudinal 

orientation. 6 porcine hearts (N = 6) were dissected as described in chapter 3.2.2. Proximal 

and distal samples (n = 12) were gripped for testing as described in section 5.2.2. 

Longitudinal movement of the left coronary artery was confirmed in the range of 0.5-6.5 mm 

(Arbab-Zadeh et al., 1999; Konta, Hugh, and Bett, 2003). Therefore, to ensure damage of the 

coronary artery, a displacement of 10 mm was chosen, which is was identified during 

preliminary testing as a displacement where some specimens tore into two pieces. Due to 

the displacement limitation of the Bose 3200 machine a pre-displacement of 4 mm was 

required. A ramp rate of 1 mm/s (10% of final displacement per second) was chosen for 

damage of the artery, maintaining a rate within the resting physiological heart frequency 

range but at an elevated rate to the preconditioning. The ramp rate was applied to the 
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specimen until a displacement of 6 mm was reached (therefore a total specimen 

displacement, including pre-displacement, of 10 mm). 

Specimens were imaged with an optical focus variation microscope (G4 Infinite 

Focus, Alicona UK, Kent, UK) at 10× magnification before and after damage, as described in 

chapter 3.2.3. Scan area was selected at maximum and minimum x and y positions on the 

specimen surface, whilst avoiding the areas that had been gripped during testing. Briefly, 

from the 3D reconstructed images, Ra was measured and the mean of 5 values in the 

longitudinal (RaL) and circumferential (RaC) directions were calculated. Further, specimens 

were imaged and Ra measured after processing involving fixation and dehydration 

(described in chapter 3.2.4). A correction factor was applied to dehydrated surface 

roughness values (Raβ), calculated by the method explained in chapter 3.2.5. Middle 

specimens were used as a control for this study, with no damage inflicted. 
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Figure 5. 5 – LAD coronary artery specimen under uniaxial overloading – (left) before failure and (right) 

after failure due to tearing of specimen. 

5.2.7 Data analysis 

In total, n = 720 frequency data points were analysed for DMA results (i.e. 8 LAD 

arteries × 3 specimens per artery × 2 displacements × 15 frequencies). Of these data points, 

n = 35 points were not recorded by the WinTest software due to machine error during 

testing. 

Pierce’s criterion was applied across the frequencies to highlight possible outlier 

data. For the n = 84 points highlighted, data was re-analysed manually. Of these points, n = 

15 data points saw irregular noise across the sample wave. Where possible the wave was 

‘smoothed’ to remove noise, but for n = 4 data points the noise to signal ratio remained 

large and prevented analysis, i.e. these four data points were deleted. Although the 

remaining n = 69 data points had high levels of background noise, manual analysis 
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demonstrated that a sample wave suitable for analysis was available. The larger than normal 

disparity was treated as being due to natural variation seen in biological tissues. Therefore, a 

total of n = 681 (out of 720) data points were used for data analysis. 

Data analysis was performed using SigmaPlot 12.0 (Systat Software Inc., London, UK). 

All data sets were assessed for normal distribution using a Shapiro-Wilk normality test. If 

data sets were normally distributed (i.e. p > 0.05), significance was assessed (p < 0.05) for 

the null hypothesis using a paired t-test. If data was not normally distributed, a Wilcoxon 

Signed Rank test was used (i.e. a paired non-parametric test; p < 0.05 for significance) 

(Bland, 2000; Reilly, 2015).  

Unless otherwise stated, the paired comparisons used moduli results at 1 Hz, with an 

extension range of 1-1.5 mm. Paired comparisons included the following: 

 moduli frequency-dependency, i.e. 1 Hz vs 10 Hz (1 Hz chosen as physiological 

comparison to resting heart rate, and 10 Hz, the upper limit of testing range, chosen 

as extreme loading condition of heart); 

 variation of moduli between proximal and distal sections; 

 extension range influence on moduli, i.e. 1-1.5 mm vs 1.5-2 mm; 

The surface roughness (Ra) of LAD coronary arteries has been discussed in chapter 3. 

Regression analysis was performed for both the RaC and RaL against storage and loss moduli. 

Circumferential surface roughness values were evaluated for both RaC and RaCβ. Regression 

analysis was also performed for moduli against frequency. 
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The final analysis of data was performed using Minitab Statistical Software (Minitab 

17.0, Minitab Inc, State College, PA, USA) on the surface roughness results of the damaged 

specimens. A student’s t-test was performed to assess the significance (p < 0.05) under the 

null hypothesis of healthy (middle specimens) and damaged (proximal and distal specimens) 

coronary arteries. Additionally, a paired t-test was used to analyse Ra of proximal and distal 

specimens before and after damage to assess significance (p < 0.05), and to compare Ra of 

damaged specimens before and after processing, similar to chapter 4 (i.e. in their hydrated 

and dehydrated forms). 

 

5.3 RESULTS 

5.3.1 Storage and loss general results 

The range of storage moduli varied from 14.47 MPa to 25.82 MPa, whereas loss 

varied from 1.57 MPa to 2.71 MPa (table 5. 1). The storage modulus was an order of 

magnitude greater than the loss modulus. 

Between 1 Hz and 10 Hz, there was a statistically significant difference in the storage 

modulus (p < 0.05). The modulus at 1 Hz was consistently higher than at 10 Hz, on average 

by 4.37 MPa (figure 5. 6). This was the case at all positions along the LAD artery (i.e. 

proximal, middle and distal). Figures 5. 7 - 5. 9 show results for individual specimens, 

demonstrating that the trend was consistent across samples and that it was not skewed by 

any given individual outlier sample. A linear relationship was found (figure 5. 10), defined by 

equation 5. 9. 
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Table 5. 1 - Storage and loss moduli of LAD coronary arteries at 1-1.5 mm extension. Note, SD: 
Standard deviation. Where E’ is storage, and E’’ loss, moduli. 

 

 

 

 ̶̶̶̶ ̶ ̶ ̶̶ ̶  Proximal  ̶̶̶ ̶ ̶ ̶̶ ̶ ̶̶̶ ̶ ̶ ̶ ̶  Middle  ̶̶̶ ̶ ̶ ̶ ̶ ̶̶ ̶̶ ̶ ̶ ̶  Distal  ̶̶̶ ̶ ̶ ̶ ̶ 

Fr
eq

ue
nc

y 
(H

z)
 

E’ (MPa) E” (MPa) E’ (MPa) E” (MPa) E’ (MPa) E” (MPa) 

Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD 

0.5 17.27 11.00 1.80 0.99 22.83 6.13 2.23 0.49 25.67 8.85 2.28 0.82 

1 16.99 9.74 1.76 0.83 22.78 5.74 2.16 0.51 25.25 8.55 2.26 0.78 

1.5 16.78 9.66 1.69 0.80 22.64 5.74 2.14 0.52 25.03 8.37 2.27 0.80 

2 16.64 9.66 1.68 0.72 22.52 5.67 2.16 0.52 24.81 8.29 2.26 0.86 

2.5 16.49 9.55 1.62 0.79 22.53 5.74 2.14 0.48 24.70 8.46 2.40 0.91 

3 16.35 9.48 1.64 0.76 22.13 5.88 2.11 0.46 25.82 8.51 2.38 0.87 

3.5 16.25 9.46 1.62 0.76 22.01 5.71 2.15 0.50 25.56 8.55 2.33 0.82 

4 16.14 9.41 1.59 0.65 21.79 5.84 2.15 0.57 25.26 8.35 2.41 0.93 

4.5 16.03 9.37 1.66 0.74 21.69 5.67 2.12 0.50 25.01 8.36 2.34 0.84 

5 15.89 9.37 1.57 0.71 21.43 5.69 2.22 0.58 24.58 8.30 2.41 0.93 

6 15.65 9.40 1.68 0.77 20.96 5.66 2.31 0.52 22.76 7.85 2.56 0.93 

7 15.43 9.38 1.70 0.76 20.59 5.64 2.32 0.59 23.23 7.98 2.71 1.07 

8 15.09 9.43 1.76 0.85 19.74 5.77 2.34 0.57 22.19 7.77 2.60 0.93 

9 14.84 9.36 1.78 0.80 19.35 5.50 2.34 0.54 21.29 7.67 2.61 0.90 

10 14.47 9.35 1.73 0.76 18.47 5.57 2.23 0.49 19.99 7.31 2.28 0.82 
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Equation 5. 9 E'  = mf   + c 

    

Here, E’ is the storage modulus, f is frequency, and m and c are constants (table 5. 2). 

Table 5. 2 - Regression constants, m and c, for the dependency of the storage modulus with frequency 
for average mean of all samples at different positions along LAD artery (p < 0.05 for all trends).  

Position m (MPa.s) c (MPa) R2 

Proximal -0.27 17.24 0.99 

Middle -0.45 23.45 0.97 

Distal -0.54 26.52 0.82 

 

 
Figure 5. 6 - Storage modulus comparison at 1 (white dots) and 10 Hz (black dots) for averaged values 

of proximal, middle and distal specimens. Error bars represent 95% confidence intervals where n = 7.  
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Figure 5. 7 - Frequency dependency of storage moduli for individual samples; for a total of three 

specimens (n = 3). (Black dots for proximal, white dots for middle, black triangles for distal samples). 

 
Figure 5. 8 - Frequency dependency of storage moduli for individual samples; for a total of three 

specimens (n = 3). (Black dots for proximal, white dots for middle, black triangles for distal samples). 
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Figure 5. 9 - Frequency dependency of storage moduli for individual samples; for a total of three 

specimens (n = 3). (Black dots for proximal, white dots for middle, black triangles for distal samples). 

 
Figure 5. 10 - Frequency-dependency of proximal (white dots) and distal (black dots) positions along 

LAD artery – Mean storage moduli. Linear regression lines showing frequency dependent relationship. Error bars 
represent 95% confidence intervals, where at: 1 Hz, n = 5; 1-2.5 Hz, n = 6; 3-10 Hz, n = 7. 
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The loss modulus was found to be frequency-independent. No significant differences 

were found for the loss modulus at 1 Hz and 10 Hz (p > 0.05). The loss modulus was found to 

have a mean (± standard deviation) of 1.68 ± 0.07 MPa, 2.21 ± 0.09 MPa and 2.41 ± 0.14 

MPa for the proximal, middle and distal samples respectively. Individual loss specimen 

results are provided in figures 5. 11 - 5. 13; average proximal and distal values shown in 

figure 5. 14. 

 
Figure 5. 11 - Frequency dependency of loss moduli for individual samples; for a total of three 

specimens (n = 3). (Black dots for proximal, white dots for middle, black triangles for distal samples). 
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Figure 5. 12 - Frequency dependency of loss moduli for individual samples; for a total of three 

specimens (n = 3). (Black dots for proximal, white dots for middle, black triangles for distal samples). 

 
Figure 5. 13 - Frequency dependency of loss moduli for individual samples; for a total of three 

specimens (n = 3). (Black dots for proximal, white dots for middle, black triangles for distal samples). 
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Figure 5. 14 - Frequency-dependency of proximal (white dots) and distal (black dots) positions along 

LAD artery – Mean loss moduli. Linear regression lines showing frequency dependent relationship. Error bars 
represent 95% confidence intervals, where at: 1 Hz, n = 5; 1-2.5 Hz, n = 6; 3-10 Hz, n = 7. 

 

5.3.2 Proximal vs Distal 

Storage modulus did not vary along the LAD artery. Although the proximal mean 

storage modulus was lower than the distal modulus on average by 8 MPa, no significant 

difference was found between the storage modulus of proximal and distal samples; mean ± 

standard deviation: 16.99 ± 9.74 MPa (proximal), 25.25 ± 8.55 MPa (distal) (p > 0.05). This 

can be interpreted in figure 5. 6 as a difference in the means but with overlap of confidence 

intervals (due to natural variability). 

The loss modulus did not vary along the LAD artery. No significant difference was 

found between the loss modulus of proximal and distal samples (p > 0.05). However, the 
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proximal mean loss modulus was lower than the distal modulus on average by 0.74 MPa, 

with extensive overlap of 95% confidence intervals (figure 5. 14). 

5.3.3 Extension Ranges 

Overall results for 1.5-2 mm extension are displayed in table 5. 3. No statistical 

significance was seen for the storage and loss moduli between extensions of 1-1.5 mm and 

1.5-2 mm. At 1 Hz, testing samples between 1.5-2 mm led to an average storage modulus of 

19.71 MPa, 25.46 MPa and 25.87 MPa for proximal, middle and distal samples, respectively 

(figure 5. 15). These storage moduli were not significantly different to the storage moduli 

when measured at 1-1.5 mm of extension (16.99 MPa, 22.78 MPa and 25.25 MPa, 

respectively; p > 0.05, figure 5. 15). 

At 1 Hz, testing samples between 1.5-2 mm led to an average loss modulus of 2.01 

MPa, 2.50 MPa and 2.35 MPa for proximal, middle and distal samples, respectively (figure 5. 

16). These loss moduli were not significantly different to the loss moduli when measured at 

1-1.5 mm of extension (1.76 MPa, 2.23 MPa and 2.28 MPa, respectively; p > 0.05, figure 5. 

16). 
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Table 5. 3 - Storage and loss moduli of LAD coronary arteries at 1.5-2 mm extension. Note, SD: 
Standard deviation. Where E’ is storage, and E’’ loss, moduli. 

 

 ̶̶̶̶ ̶ ̶ ̶̶ ̶  Proximal  ̶̶̶ ̶ ̶ ̶̶ ̶  ̶̶ ̶̶ ̶ ̶ ̶  Middle  ̶̶̶ ̶ ̶ ̶ ̶ ̶̶ ̶̶ ̶ ̶ ̶  Distal  ̶̶̶ ̶ ̶ ̶ ̶ 

Fr
eq

ue
nc

y 
(H

z)
 

E’ (MPa) E” (MPa) E’ (MPa) E” (MPa) E’ (MPa) E” (MPa) 

Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD 

0.5 20.28 11.80 2.15 1.10 25.88 7.34 2.51 0.69 26.47 9.37 2.53 0.89 

1 19.71 10.46 2.01 0.96 25.46 7.22 2.50 0.70 25.87 8.97 2.35 0.81 

1.5 19.35 10.26 1.92 0.86 25.35 7.18 2.38 0.66 25.74 8.88 2.32 0.85 

2 19.20 10.31 1.86 0.87 25.26 7.16 2.26 0.73 25.45 8.82 2.24 0.85 

2.5 19.10 10.23 1.87 0.89 25.09 7.11 2.43 0.66 25.10 8.78 2.25 0.73 

3 19.72 10.91 1.92 0.87 24.98 7.05 2.33 0.59 26.58 9.28 2.50 0.93 

3.5 20.13 10.41 1.95 0.82 24.85 7.05 2.35 0.65 26.36 9.18 2.42 0.92 

4 19.52 10.87 1.96 0.80 24.44 6.89 2.31 0.53 26.18 9.24 2.70 1.30 

4.5 18.58 10.14 1.88 0.80 24.37 6.93 2.36 0.60 25.76 9.06 2.43 0.92 

5 18.45 10.12 1.79 0.77 24.13 6.89 2.29 0.57 25.45 9.05 2.41 0.90 

6 18.24 10.12 1.91 0.83 23.71 6.85 2.49 0.64 24.66 8.87 2.49 0.91 

7 17.96 10.09 1.92 0.80 23.21 6.87 2.54 0.63 23.93 8.75 2.58 0.97 

8 17.62 10.18 1.97 0.86 22.68 6.75 2.64 0.79 23.03 8.70 2.57 1.07 

9 17.45 10.06 2.03 0.83 22.11 6.68 2.56 0.68 22.07 8.36 2.67 0.95 

10 17.02 10.05 2.01 0.78 21.17 6.54 2.53 0.61 20.82 8.13 2.72 1.00 
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Figure 5. 15 - Comparison of viscoelastic properties at 1 Hz for different extension ranges for averaged 

values of proximal, middle and distal samples – Storage modulus. (White dots for 1-1.5 mm, black dots for 1.5-2 
mm). Error bars represent 95% confidence intervals where n = 7.  

 
Figure 5. 16 - Comparison of viscoelastic properties at 1 Hz for different extension ranges for averaged 

values of proximal, middle and distal samples – Loss modulus. (White dots for 1-1.5 mm, black dots for 1.5-2 
mm). Error bars represent 95% confidence intervals where n = 7.  
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5.3.4 Regression analysis between surface roughness and viscoelastic properties 

Viscoelastic properties and surface roughness were not correlated to each other. For 

example, at 1 Hz, no correlation was found between RaC and either the storage or the loss 

moduli. This was the case for both RaC and RaCβ (figures 5. 17 and 5. 18). Likewise, RaL was 

not correlated to either storage or loss moduli (figure 5. 19). 

 
Figure 5. 17 - Regression analysis between RaC data against moduli for 1 Hz and 1-1.5 mm extension 

range (White triangles for storage, black triangles for loss moduli; R2 < 0.05, p > 0.05). 
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Figure 5. 18 - Regression analysis between RaCβ data against moduli for 1 Hz and 1-1.5 mm extension 

range (White triangles for storage, black triangles for loss moduli; R2 < 0.05, p > 0.05). 

 
Figure 5. 19 - Regression analysis between RaL data against moduli for 1 Hz and 1-1.5 mm extension 

range (White triangles for storage, black triangles for loss moduli; R2 < 0.05, p > 0.05). 
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5.3.5 Damaged vs healthy LAD coronary arteries 

A significant difference was seen between RaC and RaL (p < 0.05), with surface 

roughness in the circumferential direction found to be greater than in the longitudinal 

direction (table 5. 4). No significant difference (p > 0.05) was seen for surface roughness 

between the hydrated healthy control specimens (RaC and RaL; 1.28 ± 0.37 and 1.00 ± 0.41 

µm respectively) and hydrated damaged proximal and distal LAD coronary arteries (table 5. 

4). Additionally, a paired comparison of surface roughness for hydrated (proximal and distal) 

samples, before and after damage, revealed no significant difference (p > 0.05; table 5. 4). 

Individual specimen results are shown for the RaL in figure 5. 20, and although RaL tends to 

be greater after damage (figure 5. 23), no significant difference was noted for hydrated 

specimens, even when the anomalous first result is removed (figure 5. 20). Images of the 

surface in hydrated and dehydrated form of both the damaged and undamaged specimens 

are shown in figure 5. 21, with no visible difference between each surface. 

 

Table 5. 4 – Mean average result ± standard deviation of proximal and distal samples (N = 6; n = 12) for 
surface roughness of healthy and damaged LAD coronary arteries, in hydrated and dehydrated state. † indicates 
result is significantly greater than both their hydrated damaged and healthy values. 

 RaC (µm) RaL (µm) 

Hydrated healthy 1.46 ± 0.38 0.91 ± 0.26 

Hydrated damaged 1.47 ± 0.39 1.05 ± 0.25 

Dehydrated damaged 1.95 ± 0.56† 1.28 ± 0.33† 
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Figure 5. 20 – RaL for individual proximal (n = 6) and distal (n = 6) specimens. Grey circles – before 

damage (healthy); black squares – after damage. All samples in hydrated form. 

 

The control undamaged specimens had a significantly greater RaC after processing (p 

< 0.05; 1.91 ± 0.33 µm compared to 1.28 ± 0.37 µm), however RaL was not significantly 

different (p > 0.05; 1.07 ± 0.20 µm and 1.00 ± 0.41 µm), consistent with previous findings 

that dehydration significantly alters the surface roughness in the circumferential but not 

longitudinal direction (chapter 3). However, in both the circumferential and longitudinal 

direction of dehydrated damaged specimens, the surface roughness was significantly greater 

(p < 0.05; table 5. 4) than the hydrated damaged specimens (figures 5. 22 and 5. 23).  
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Figure 5. 21 – 2D optical images of surfaces: a) undamaged hydrated; b) damaged hydrated; c) 

undamaged dehydrated; d) damaged dehydrated.  
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Figure 5. 22 – Circumferential surface roughness (RaC) of healthy, damaged, and dehydrated damaged 

specimens. Error bars represent 95% confidence intervals where n = 12. 

 

 
Figure 5. 23 – Longitudinal surface roughness (RaL)of healthy, damaged, and dehydrated damaged 

specimens. Error bars represent 95% confidence intervals where n = 12. 
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5.4 DISCUSSION 

The frequency-dependent viscoelastic properties have been characterised for the 

first time (Burton, Freij, and Espino, 2017). The storage modulus was frequency-dependent, 

whereas the loss modulus was frequency-independent. Storage modulus was found to be 

much greater than loss modulus. Viscoelastic properties did not vary along the length of the 

LAD artery. After longitudinal damage was inflicted on the coronary artery, no change in Ra 

was noted, however with processing of the damaged tissue both RaC and RaL were 

significantly increased. 

Frequency-dependent viscoelastic properties of porcine coronary arteries have not 

previously been quantified. However, viscoelastic properties have been measured in studies 

of other arteries. The results from this study show that the storage modulus is significantly 

greater than the loss modulus (approximately 10×) which is consistent with previous results 

on human arteries, where storage moduli were approximately 5× larger than loss moduli. 

The former was approximately 1 MPa as compared to 0.2 MPa for the loss modulus of 

carotid arteries. Further, the storage modulus varied from 3-7 MPa as compared to 0.4-1.6 

MPa for femoral arteries (Learoyd and Taylor, 1966). Similarly, for canine femoral artery the 

storage was greater than loss modulus (1.20 MPa compared to 0.14 MPa respectively) 

(Bergel, 1961). The experimental techniques used by both differ to that used in this study, 

and involved pressurising the arterial specimens and measuring the oscillatory stress-strain 

relationship at various frequencies. Further differences in viscoelastic properties, as 

compared to this present study, are expected as different types of arteries are analysed. The 

results of the femoral artery storage and loss moduli better match the coronary arteries 
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measured during our study. Moreover, studies by Fischer and Llaurado (1966) have shown 

the collagen content of coronary arteries are similar to that of femoral arteries (percentage 

composition of collagen in dry defatted tissue; 47.9 ± 2.6% compared to 44.5 ± 1.4%, 

respectively). It was noted, though, that coronary arteries had the highest collagen to elastin 

ratio (Fischer and Llaurado, 1966). 

In this study a frequency-dependent trend for the storage modulus was noted but 

not for the loss modulus. Ergo, as the heart rate increases, the LAD arterial wall is less able 

to store energy which is used for elastic recoil. This implies a change in the collagen-gel 

interaction leading to the storage of deformation energy within the tissue matrix with 

loading frequency. These deformations can involve elastic and plastic gel deformation and 

shearing on collagen fibrils (Goh, Aspden, and Hukins, 2004; Goh et al., 2007). A previous 

study by Wang et al., observed that above 10 Hz the elastic modulus of murine pulmonary 

arteries increased with frequency (Wang et al., 2013). In this study there was no increase in 

moduli with frequency. The comparison is caveated, though, because there is no expectancy 

for the dynamic mechanical behaviour of a murine pulmonary and porcine coronary arteries 

to be parallel to each other. Further, Wang et al. characterised the frequency-dependent 

elastic modulus, as opposed to the dynamic viscoelasticity characterised in this current 

study. However, it is worth noting that between 1 and 10 Hz there was a decrease in elastic 

modulus in the study by Wang et al. demonstrating some consistency with findings from this 

current study. 

Computational models are useful to study coronary arteries. For example, they can 

be used to create patient specific models, allow multiscale analysis of cells within the blood 
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(Friedman, Krams, and Chandran, 2010), or to supplement experimental investigations 

(Henninger et al., 2010). Viscoelastic properties of arteries have been found to be altered in 

patients with vascular diseases (Taniguchi et al., 2015). Hence, finite element models could 

be created which incorporate these viscoelastic properties. Coupled with surface 

reconstructions of coronary artery endothelium as presented in chapter 4 (figures 4. 13 and 

4. 14), more predictable computational fluid dynamic models could be developed, whereby 

variation of the mechanical properties and surface roughness would improve the study of 

fluid structure interaction of coronary artery disease. 

Given the absence of disease, the fact that there was no correlation between surface 

roughness and viscoelasticity was not unexpected. However, there may be benefits in 

assessing a correlation between the two during disease and this study demonstrates that 

both can be quantitatively measured. The results of this study found a significant difference 

in RaL of damaged LAD coronary artery when comparing unprocessed and processed tissue, 

which differs from the results of healthy tissue studied in previous work (chapter 3). The 

cumulative processing effect has been shown in previous chapters to increase surface 

roughness in the circumferential direction, however, this is not noted in the longitudinal 

direction. Therefore, this study showed that causing longitudinal damage to LAD coronary 

arteries resulted in an increase in surface roughness along the same axis of processed tissue, 

which demonstrates the potential of using surface roughness to assess damage and disease 

in coronary arteries. 

The damage inflicted on the coronary artery may have caused damage to the internal 

constituents of the artery. Collagen fibre orientation is reactive to load, irrespective of 
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loading direction. (Karimi et al., 2017). For example, in coronary adventitia, it was shown 

that the longitudinal stiffness was a direct result of initial fibre alignment, with collagen 

fibres uniformly stretching in the loading direction (Chen, Slipchenko, et al., 2013). This 

would support the increase in surface roughness in the longitudinal direction, where 

collagen may have stretched and deformed under the uniaxial loading condition. The multi-

layer composition of coronary arteries is like that found in other biological tissue (Carniel, 

Gramigna, Fontanella, Frigo, et al., 2014). A constitutive analysis of colonic tissue concluded 

that the distribution and orientation of fibres within the layers of tissue was responsible for 

the anisotropic properties associated with the function of biological tissue (Carniel, 

Gramigna, Fontanella, Stefanini, et al., 2014). Thus, although mechanical loading damage to 

coronary arteries may not significantly alter the endothelial surface, it could affect the 

internal constituents of the coronary artery causing a resultant change in surface roughness. 

Although not significant, a notable increase was seen in RaL due to uniaxial longitudinal 

damage (figure 5. 23). However, processing of tissue caused a greater change in surface 

roughness of LAD artery. 

Consistent with previous findings (chapter 3), a significant difference was seen 

between RaC and RaL (p < 0.05), with surface roughness in the circumferential direction 

found to be greater than in the longitudinal direction (table 5. 4). Results were similar of 

undamaged dehydrated specimens in chapter 3 (RaC and RaL: 1.98 ± 0.26 and 1.07 ± 0.18 

µm) to the results of undamaged dehydrated control specimens in this chapter (RaC and RaL: 

1.91 ± 0.33 and 1.07 ± 0.20 µm). This again proves the repeatability of the process described 

in chapter 3 as a method to quantitatively measure the surface roughness of biological 

tissue, and validates the control results within this chapter. 
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5.5 CONCLUSION 

This chapter describes the process and results of DMA of LAD coronary arteries, 

tested at physiological displacement and frequency ranges. It also presents the effect of 

mechanical damage on surface roughness. The following conclusions were made: 

 a frequency-dependent trend was observed for the storage modulus where, as the 

frequency was increased, the storage modulus decreased from (mean ± standard 

deviation) 22.16 ± 8.75 MPa at 0.5 Hz to 17.75 ± 7.40 MPa at 10Hz; whereas the 

mean loss modulus was significantly lower at 2.10 ± 0.33 MPa, independent of 

frequency; 

 storage and loss moduli did not vary along the length of the LAD artery; 

 no significant difference was seen between the moduli results when measured at 

different extension ranges of 1-1.5 and 1.5-2 mm; 

 no relationship was found between the viscoelastic properties and surface roughness 

 damaging specimens through mechanical overloading had no significant effect on 

hydrated surface roughness measurements (1.46 ± 0.38 to 1.47 ± 0.39 µm and 0.91 ± 

0.26 to 1.05 ± 0.25 µm: healthy and damaged RaC and RaL); 

 dehydrated damaged specimens were significantly rougher than their hydrated 

counterparts (1.95 ± 0.56 to 1.47 ± 0.39 µm and 1.28 ± 0.33 to 1.05 ± 0.25 µm: 

dehydrated and hydrated RaC and RaL); 

 the effect of chemical processing had a greater effect on Ra than mechanical 

damage. 
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Critically, though, this study demonstrates the feasibility of quantifying viscoelastic 

properties, and the potential of using mechanical and surface roughness properties in 

analysing disease of coronary arteries.  
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6 OVERALL DISCUSSION AND CONCLUSIONS 

6.1 DISCUSSION 

This aim of this thesis was to characterise properties of coronary arteries that could 

be used to aid in the development of medical treatments for coronary artery disease. This 

aim was met by, for the first time, quantitatively measuring the viscoelastic and surface 

roughness properties of porcine left anterior descending (LAD) coronary arteries; as 

presented in this thesis. The objectives of this thesis were met as follows: 

 The surface roughness of coronary arteries was quantitatively characterised. 

Further, surface roughness was investigated at increased magnification in a multi-

scale study. A correction factor was presented for changes in surface roughness 

due to chemical processing of tissue. 

 The dynamic viscoelastic properties of coronary arteries were measured at 

physiological relevant frequencies. 

 The effect of damage inflicted on coronary artery specimens through chemical 

fixation and dehydration, and mechanical overloading, was assessed through the 

change in surface roughness.  

Chapter 3 used optical microscopy to study the surface roughness of LAD coronary 

arteries. The surface roughness (Ra) was measured in the circumferential (RaC) and 

longitudinal (RaL) directions of the artery, with RaC found to be significantly greater than RaL. 

No variation was seen in surface roughness along the length of the coronary artery. Ridges 

were seen running parallel to the length of the artery, which previous studies have noted 
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due to the endothelial cell orientation (Uchida et al., 2011). The ridges had a helical 

orientation, which could explain the helical blood flow noted by others (Chiastra et al., 2017; 

Morbiducci et al., 2009). Studies investigating articular cartilage (Peng and Wang, 2013; 

Ghosh et al., 2013) noted multiscale variance in surface characterisation. Thus, LAD coronary 

artery was prepared to measure surface roughness through multiscale imaging at higher 

magnifications. Specimens were processed through chemical fixation and dehydration, a 

traditional procedure when performing scanning electron microscopy (SEM) of biological 

tissue. The effect of processing on surface roughness was evaluated. A significant increase 

was seen in RaC due to processing and a correction factor was presented to calculate the 

surface roughness before processing from the dehydrated results, providing the outer limits 

of Ra values. 

The multiscale investigation was performed in chapter 4. Higher magnifications were 

analysed (from 10× to an equivalent 5500×), with the use of optical microscopy, SEM, and 

atomic force microscopy. A trend was seen due to the scale of magnification where the 

magnification increased and RaC decreased. This was similar to measurements of friction of 

human hair, with an increased friction found at a macro-scale compared to a micro- and 

nano-scale (LaTorre and Bhushan, 2006). The results presented in this chapter noted that 

surface roughness was more sensitive to the magnification rather than microscopy type. 

The dynamic viscoelastic properties of coronary arteries were evaluated under 

physiological frequencies in chapter 5. The storage modulus was frequency dependent, 

decreasing while the frequency increased, whereas the loss modulus was frequency 

independent. The viscoelastic properties did not vary along the length of the coronary 
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arteries. Arteries were found to be stiffer in patients with vascular disease (Taniguchi et al., 

2015), thus evaluating dynamic mechanical analysis of unhealthy coronary arteries would 

provide a better understanding of blood flow in diseased arteries.  

Chapter 5 also analysed Ra after uniaxial mechanical damage was caused to 

specimens to replicate disease in the artery. Despite other studies noting a change in surface 

roughness of diseased biological tissue (Nabel and Braunwald, 2012; Bertazzo et al., 2013), 

no significant difference was noted in surface roughness of mechanically damaged 

specimens. However, after damaged specimens were processed through fixation and 

dehydration, a significant increase was seen both longitudinally and circumferentially. This 

differed from the results of healthy coronary arteries imaged in chapter 3, where only a 

difference was noted in RaC due to processing. Mechanical damage did not affect the 

endothelial layer of the arteries as no difference was seen in the hydrated Ra 

measurements. However, it was hypothesised that the damage was caused to the 

constituents of the coronary artery, which agrees with studies by others whereby the 

collagen fibres are reactive to the loading of arteries (Karimi et al., 2017), with collagen 

fibres uniformly stretching in the loading direction (Chen, Slipchenko, et al., 2013). This is 

likely, as a significant increase was seen in RaL after processing, along the loading direction 

of the uniaxial testing. 

The surface roughness measurements of LAD coronary artery found in this study can 

help to inform the development of biomaterials. With the potential to nano-texture 

materials (Nazneen et al., 2012), it is possible to create biomaterials with multiscale 

roughness characteristics, similar to the micro- and nano-porosities created in other studies 
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(Perez and Mestres, 2016). The results can also be used as a standard for new biomaterials 

to be compared to, allowing biomaterials to be matched characteristically to mimic the 

biological tissue it is replacing. This could be through a comparison of mechanical properties, 

assessing the surface roughness of a new material, or even comparing the coverage of cell 

growth over an engineered surface. Further, the methods presented in this thesis can be 

replicated to characterise other biological materials, and to create correction factors for 

other chemical processing methods. 

6.2 FURTHER WORK 

The work presented in this thesis discusses that changes have been noted in the 

surface roughness of various biological tissues due to disease. In chapter 5, mechanical 

overloading of specimens caused an increase in surface roughness. Therefore, a valid 

assumption is that disease of coronary arteries, which can cause damage to the surface of 

the endothelium through the formation of atherosclerotic lesions, for example, would also 

result in changes to surface roughness. It is of value to investigate and quantify: firstly, the 

changes in surface roughness of diseased coronary artery compared to healthy; and 

secondly, the multi-scale properties of diseased coronary arteries. 

By replicating the multi-scale surface roughness characteristics of coronary arteries 

through methods such as soft lithography, experimental physical models could simulate 

blood flow through the healthy and diseased arteries, including stenosed, atherosclerotic 

and calcified arteries. This would allow investigation of the relatively unknown helical flow 

phenomenon, and provide a method to validate computational fluid dynamic predictive 

models. Further, the mechanical and surface roughness properties characterised in this 
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thesis could be applied to a fluid structure interaction model. This model could be used to 

better predict disease of arteries or performance of medical interventions, for example to 

assess damage to the endothelial surface due to stent insertion or study elastic recoil 

complications associated with angioplasty. It would also influence the design and 

manufacture of biomaterials. Bulk materials designed with similar properties to those found 

in this study could be nano-textured to replicate the natural surface of coronary arteries to 

reduce the chance of neointimal hyperplasia or thrombosis.  

6.3 CONCLUSIONS 

For the first time, the dynamic viscoelasticity and surface roughness of LAD coronary 

arteries have been quantitatively characterised. It is important to consider the physiological 

loading conditions of biomaterials that are designed to replicate coronary arteries, as 

storage modulus was noted as frequency-dependent. Damage can be caused by uniaxial 

mechanical overloading that can be noticed as a change in surface roughness along the axis 

of loading. However chemical processing, specifically dehydration, results in a significant 

increase in surface roughness in the circumferential direction. A correction factor was 

offered for change in surface roughness due to processing coronary artery for SEM, although 

the methods presented can be replicated for further processing protocols pertinent to other 

microscopy techniques. When measuring surface roughness of biological tissue, microscopy 

technique should be kept consistent to allow comparable results. Critically, this study has 

demonstrated the feasibility of quantitatively measuring physical properties of coronary 

arteries which may have potential future applications to device design, disease assessment 

and their computational modelling. 
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APPENDIX 

The code presented below was compiled by Dr David G. Eckold (Eckold, 2016). 

Alicona software outputs a plain text format, with the 3D point cloud presented as a 3 × n 

array. This code interpolates the point cloud to fill in voids of missing data, and creates a 

reconstructed surface of the scan data. 

 
function [ output, struct] = genAliconaImport(filename, varargin) 
 
    % Import alicona data to matlab from a text file. It takes the form of 
    % [primary, struct] = genAliconaImport('path/to/file.txt', 'option1', 
    % value1, ..., 'optionN', valueN); 
 
    %   This program will assume a single line header and footer on text files 
    %   unless otherwise specified with the options: 
    %   'startRow' & 'endRow'. 
 
    %   To find the volume between the surface and the z plane, set 
    %   'findVolume' to true. 
 
    %   To plot the data, set 'plot' to one of the following: 
    %   'contour', 'contourf', 'contour3', 'mesh', or 'surf'. 
 
    %   To crop data, use 'crop' followed by [xmin,xmax,ymin,ymax]. N.B. these 
    %   must be scaled to the new size! 
 
    % Author Dr David G. Eckold 
 
    % input argument parser 
    defaultStartRow = 2; 
    defaultEndRow = (numel(textread(filename,'%1c%*[^\n]')))-1; 
    defaultScale = 1; 
    defaultInterp = 'natural'; 
    defaultFindVol = false; 
    defaultPlot = false; 
    defaultContourLayers = 20; 
    defaultCrop = false; 
    expectedInterp = {'nearest','linear','natural'}; 
    expectedPlot = { 'contour', 'contourf', 'contour3', 'mesh', 'surf'}; 
    err = 'Value must be a positive number.'; 
    validationFunc = @(x) assert(isnumeric(x) && isscalar(x) && (x > 0), err); 
 
    p = inputParser; 
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    addRequired(p,'filename',@ischar); 
    addParamValue(p,'startRow',defaultStartRow,validationFunc); 
    addParamValue(p,'endRow',defaultEndRow,validationFunc); 
    addParamValue(p,'scale',defaultScale,validationFunc); 
    addParamValue(p,'interpolant',defaultInterp,@(x) any(validatestring(x,expectedInterp))); 
    addParamValue(p,'findVolume',defaultFindVol,@islogical); 
    addParamValue(p,'plot',defaultPlot,@(x) any(validatestring(x,expectedPlot))); 
    addParamValue(p,'contourLayers', defaultContourLayers, validationFunc); 
    addParamValue(p,'crop', defaultCrop) 
 
    parse(p,filename,varargin{:}); 
 
    % Import data from Alicona file to tuplets. 
    startRow = p.Results.startRow; 
    endRow = p.Results.endRow; 
 
    formatSpec = '%13f%13f%f%[^\n\r]'; 
 
    % Open the text file. 
    fileID = fopen(filename,'r'); 
 
    dataArray = textscan(fileID, formatSpec, endRow(1)-startRow(1)+1, 'Delimiter', '', 'WhiteSpace', '', 
    'HeaderLines', startRow(1)-1, 'ReturnOnError', false); 
 
    % Close the text file. 
    fclose(fileID); 
 
    % Create output variable 
    xyz = [dataArray{1:end-1}]; 
 
    % Convert Alicona tuplets to nxmx3 Mesh. 
    scale = p.Results.scale; 
 
    x = xyz(:,1); y = xyz(:,2); z = xyz(:,3); 
    x = x*scale; y = y*scale; z = z*scale; 
    dx = abs(x(find(diff(x),1)+1)-x(1)); 
    dy = abs(y(find(diff(y),1)+1)-y(1)); 
 
    if p.Results.crop == 0 

xvg = min(x):dx:max(x); 
     yvg = min(y):dy:max(y); 
    elseif length(p.Results.crop) == 4; 
     xvg = p.Results.crop(1):dx:p.Results.crop(2);  
     yvg = p.Results.crop(3):dy:p.Results.crop(4); 
    else 
     error('Incorrect number of inputs') 
    end 
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    F = scatteredInterpolant(x,y,z,p.Results.interpolant,'none'); 
    [vx,vy] = ndgrid(xvg,yvg); 
    vz = F(vx,vy); 
 
    % Write outputs and plot graphs if called for 
 
    if p.Results.findVolume == 1 

output = dx*dy*sum(vz(:)); 
struct.xyz(:,:,1) = vx; 
struct.xyz(:,:,2) = vy; 

  struct.xyz(:,:,3) = vz; 
    else 

output(:,:,1) = vx; 
output(:,:,2) = vy; 
output(:,:,3) = vz; 

    end 
 
    struct.d = [dx dy]; 
    struct.F = F; 
 
    if p.Results.plot ~= 0 

figure 
    if any(strcmp(p.Results.plot,{'contour','contourf','contour3'})) == 1; 

feval(p.Results.plot, vx,vy,vz, p.Results.contourLayers) 
c = colorbar; 
ylabel(c, 'z, m') 

else 
      feval(p.Results.plot, vx,vy,vz); 
      zlabel('z, m') 
     end 
     ylabel('y, m') 
     xlabel('x, m') 
    end 
end 
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