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1Introduction

Computational modelling is widely used to obtain insight into the physical behaviour of
complex systems (Melnik, 2015). Meteorologists often use computational modelling to
develop and apply mathematical models that describe changes in the atmosphere. These
models require meteorological measurements (e.g. temperature, air pressure, humidity,
and velocity) as input (Lynch, 2008). Subsequently, computational modelling is used to
simulate complex weather processes and obtain local information on the behaviour of
temperature, humidity, precipitation, and wind strength and direction over time (Seyyed-
abbasi et al., 2018). This information can then be used to produce the weather fore-
cast.

Computational modelling can also be used to investigate a building’s ability to withstand
different forces by determining stress distributions within that building (e.g. loading,
earthquakes, and wind) (Kaijima et al., 2013). Car manufacturing companies apply com-
putational modelling during a car’s design phase to develop cars with minimal fuel con-
sumption and maximal road stability (Al-saadi et al., 2017). Therefore, engineers model
the pressure and air flow around various car designs and translate this information back
into energy loss. Once a car is optimally designed, computational modelling can also be
used to test car safety. For this purpose, crash parameters such as impact severity and
impact angle can be varied and simulated (Belytschko, 1992). In this way, engineers can
investigate the effect of simple modifications in design or material on road safety; this
method is more cost effective than crashing actual cars.

More recently, computational models have been developed and applied to improve or
assist in healthcare; a few applications are highlighted here. Surgery simulators fully
immerse physicians in a ‘realistic’ environment; they receive real-time feedback on the
surgical procedure in the form of realistic reaction forces on and visualization of the
scalpel. For this purpose, the computer must simulate the behaviour of different tissue
types and their interaction with the surgeon’s scalpel by computing strain and stresses in
the tissue; these are directly transmitted back to the operator as resistance or force. These
simulators are mostly used for training purposes (Misra et al., 2008).

Computational modelling is also applied to surgical planning of vascular access for
haemodialysis in kidney disease patients. Vascular access is usually achieved in the lower
arm; however, in some patients, blood flow is too low in this location, and these patients
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CHAPTER 1. INTRODUCTION

would benefit from creation of such an access in the upper arm. In turn, vascular access
in the upper arm is not suitable for all patients, since this technique in the upper arm can
result in excessively high flows (Huberts et al., 2012). Currently, a large clinical trial is
performed to investigate whether computational modelling can help physicians choose
the location of vascular access and thereby improve long-term outcomes compared to
conventional healthcare (Zonnebeld et al., 2017).

This thesis focuses on the application of computational modelling of two diseases in
which the healthy arterial wall structure is disrupted: Atherosclerosis (1.1.1) and Ab-
dominal aortic aneurysm (1.1.2). In both diseases, stresses inside the vessel wall and
the shear stress of blood flow against the vessel wall are important in disease initiation,
progression, and risk to cause life-threatening events.

1.1 Healthy vessels and vascular disease

The main function of arteries, with the exception of the pulmonary arteries, is to carry
oxygenated blood and nutrients to organs and tissues. In addition, arteries play a role
in body temperature regulation and injury healing. In the larger arteries, blood pressure
within one cardiac cycle varies between 80 mmHg and 120 mmHg; the arterial wall
is designed to withstand these pressures. Arteries consist of three different layers (see
Figure 1.1): the intima, media, and adventitia:

Intima The intima is the innermost layer of the arterial wall and is in direct contact with
the blood. It consists of endothelial cells and has many functions (Libby et al.,
2011). Most importantly, it acts as a filtering system for blood components: some
can pass through the intima layer into the arterial wall and some cannot.

Media The media is the mid layer of the arterial wall and mainly consists of smooth mus-
cle cells, elastin, and collagen, which come together in a complex helical 3D struc-
ture. This structure is mostly circumferentially oriented to withstand the cyclic
force of blood pressure. The smooth muscle cells in the medial can regulate the
diameter of the vessel upon stimuli from the circulation (Gasser et al., 2006).

Adventitia The outermost layer, the adventitia, mainly consists of fibroblasts, fibrocytes,
extracellular matrix, and collagen fibres (Gasser et al., 2006); these fibres are orga-
nized into two different helical structures. The adventitia is anchored in connective
tissue and thereby increases the strength and stability of the entire artery (Hamil-
ton, 1976).

In this thesis, two arterial diseases will be studied in which the healthy arterial wall
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1.1. HEALTHY VESSELS AND VASCULAR DISEASE

Lumen

Endothelium

Intima

Media

Adventitia

Figure 1.1: A schematic view of a healthy three-layered arterial wall.

is disrupted: coronary and carotid atherosclerosis and abdominal aortic aneurysm, see
Figure 1.2.

1.1.1 Atherosclerosis

Atherosclerosis is a lipid-driven inflammatory disease that results in thickening of the
arterial wall, also called a plaque. Atherosclerosis progresses slowly and remains asymp-
tomatic for decades. The most important risk factors for atherosclerosis include: hyperc-
holesterolemia, hypertension, tobacco use, obesity, inactive lifestyle, and age (Rafieian-
Kopaei et al., 2014). Atherosclerotic plaques develop throughout the arterial system, but
they have predilection sites (e.g. close to side branches in coronary and carotid arteries)
(VanderLaan et al., 2004). If a plaque develops, it initially grows outward (compensatory
enlargement/outward remodelling), thereby conserving the lumen (Glagov et al., 1987).
In later stages of the disease, if plaque occupies approximately 40% of the cross-sectional
area of the artery, the compensatory enlargement rate is no longer adequate: the plaque
eventually narrows the lumen and thereby reduces blood flow (Glagov et al., 1987). Tis-
sue located downstream from an obstruction becomes deprived of oxygen or nutrients
depending on the degree to which the lumen has narrowed (stenosis). First symptoms
usually appear during exercise, when oxygen (and, thus, blood) demand is higher than
in a resting condition. Three locations where atherosclerotic plaques most often form
are:

Legs: Atherosclerosis in the arteries that supply blood to the legs is also called intermit-
tent claudication. The first symptom of intermittent claudication is usually leg pain
during walking; later, the pain is also present during rest. In advanced stages of
the disease, blood supply to the legs is diminished. If the blood flow is severely
reduced, the skin may be discoloured and ulcerations can appear.
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Lumen obstruc-
tion caused by 
atherosclerosis

Abdominal 
aortic aneu-
rysm (AAA)

Aorta

Left anterior 
descending 
(LAD)

Left main

Left 
circumflex 

Right 
coronary 

artery 

Carotid 
arteries

Figure 1.2: A schematic view of the human arterial system. Left: A healthy arterial
system. Right: diseased arterial system; obstructed blood flow in the coronary and
carotid artery and a widening in the abdominal aorta caused by an abdominal aortic
aneurysm (AAA).
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Coronary arteries: From the aorta, the left main (LM) and the right coronary artery
(RCA) branch off to supply blood to the heart, see Figure 1.2. The LM coronary
artery branches into the left anterior descending (LAD) artery and the left circum-
flex (LCX) artery. Advanced stages of coronary atherosclerosis can lead to symp-
toms such as chest pain during exercise, shortness of breath, fatigue, and dizziness.
In the most advanced stage of the disease, a plaque may occlude an artery and de-
prive the distal tissue of blood: this is called a heart attack. The mortality rate of
heart attack is approximately 5% (Menees et al., 2013)). If not treated quickly, the
part of the heart muscle that was fed by the affected artery will die and be replaced
with scar tissue.

Carotid arteries: The carotid arteries are responsible for supplying blood to the brain.
Patients with carotid atherosclerosis can be either symptomatic or asymptomatic.
When symptoms appear, atherosclerotic disease is already extremely advanced.
These symptoms consist of stroke-related symptoms such as visual loss or im-
pairment, contralateral weakness or numbness, hemineglect, or speech impairment
(Gokaldas et al., 2015).

Atherosclerosis is usually treated with drugs that reduce lipids (e.g. statins), blood pres-
sure (diuretics), or heart rate (beta blockers) and anticoagulants to slow down or reverse
plaque formation, decrease the risk of plaque rupture by lowering blood pressure, and
minimize blood clotting. In some cases, surgical intervention is preferred to remove the
plaque and restore the blood supply. In general, there are three surgical approaches: by-
pass grafting, whereby an artery from elsewhere is used to bypass the diseased artery;
balloon angioplasty, a technique to open the artery using inflation of a balloon, which
is often followed by placement of a vascular mesh or stent to keep the artery open; or
endarterectomy, a technology to surgically remove the plaque (not preferred for the coro-
naries).

Atherosclerosis results from a combination of factors including vascular biology, me-
chanical forces, and systemic risk factors (Morbiducci et al., 2016). Endothelial cells can
become inflamed when they are subjected to agitating stimuli (e.g. shear stress or dys-
lipidaemia); this inflammation facilitates monocyte adhesion to the endothelial cells and
migration of these cells and cholesterol into the intima (Libby et al., 2011; Tabas et al.,
2007). In the intima, a monocyte develops into a macrophage, engulfs lipids and turns
into a foam cell. If macrophages are present in the intima, the arterial wall displays the
earliest stage of atherosclerotic plaque (Rader and Puré, 2005; Virmani et al., 2000). The
pro-atherogenic environment allows a continuous influx of monocytes and lipids into the
vessel wall, which in turn allows lesions to progress into advanced plaques (Libby et al.,
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2011). At the same time, smooth muscle cells (SMCs) from the media migrate into the
intima, proliferate, and synthesize of collagen and elastin.

In this more advanced stage of the disease, a subgroup of plaques develops a lipid-rich
necrotic core (NC) resulting from dying macrophages, SMCs, and cholesterol; the NC is
covered by a fibrous cap, preventing the artery from rupturing. These advanced plaques
can also contain cholesterol crystals and microvessels (Libby et al., 2011). A plaque is
considered a thin-cap-fibro atheroma (TCFA) when it has a thin fibrous cap infiltrated by
macrophages and lymphocytes, few SMCs, and an underlying NC and it displays positive
remodelling (Falk, 2006; Naghavi et al., 2003; Virmani et al., 2006). If the fibrous cap
ruptures, the plaque’s interior will come into direct contact with the blood, which triggers
blood coagulation pathways and thrombus (blood clot) formation, see Figure 1.3. A
thrombus can impede local blood flow or enter the blood stream and occlude another part
further downstream. Blocking the artery may lead to myocardial infarction or stroke.
However, the majority of plaque ruptures and subsequent thrombus formation do not
lead to full blockage of the artery and therefore do not lead to cardiac events (Burke et al.,
2001). In such cases, thrombus material becomes organized and thereby contributes to
local plaque growth.

Blood flow

Figure 1.3: A schematic overview of the development of atherosclerosis. At the top:
a healthy artery, with a three-layered wall; middle: plaque formation in the intima;
bottom: rupture of plaque leading to obstruction of the blood stream (thrombosis).
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1.1. HEALTHY VESSELS AND VASCULAR DISEASE

According to the PROSPECT study, the presence of a TCFA, as assessed by intravascular
imaging using IVUS-VH (see 1.2), predicts only 4.9% of major adverse cardiac events
(MACEs) (Stone et al., 2011)(Stone et al., 2011a). Other geometric plaque features asso-
ciated with increased risk of cardiovascular events include a minimal lumen area (MLA)
≤ 4 mm2 and a plaque burden (PB) ≥ 70% (Stone et al., 2011). These geometric risk
factors predict 18.2% of MACEs; they are clearly insufficient to predict MACEs, and
better predictors are therefore needed.

1.1.2 Abdominal aortic aneurysm

An aortic aneurysm is an enlargement of the largest artery in the human body: the aorta.
In this thesis, I will focus on the most common aneurysm: the abdominal aortic aneurysm
(AAA), see Figure 1.4. An AAA is diagnosed if the aorta’s maximal diameter exceeds
150% of its healthy size or when maximal diameter exceeds 3 cm (Craig Kent, 2014).
Unfortunately, AAA rupture is associated with extremely high mortality (80% — 90%)
(Bengtsson and Bergqvist, 1993; Choksy et al., 1999).

Normal aorta Abdominal aortic 
aneurysm

Figure 1.4: A schematic view of the arterial system. Left: the region of interest is
circled; middle: a healthy abdominal aorta; right: an abdominal aortic aneurysm
(AAA).
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A patient with a AAA is usually asymptomatic, and therefore most AAAs are discovered
by accident. Upon discovery of a AAA, patients are closely monitored for AAA growth.
Some aneurysms grow rapidly, while others can remain stable for years (Kurvers et al.,
2004). The most effective aneurysm treatment is surgery; however, surgery is not risk-
free and has a mortality rate of 1% to 5% (Brewster et al., 2003). Therefore, the risk
of rupture needs to be weighed against the risk of surgery. Surgical treatment is recom-
mended when the AAA’s diameter exceeds 5.5 cm (Brewster et al., 2003). This criterion
is not optimal; non-ruptured aneurysms have been found above this threshold, and rup-
tured ones below this threshold (Conway et al., 2001; Darling et al., 1977). Therefore,
there is a need for more suitable treatment criteria.

The formation of AAAs is complex and not fully understood, but a combination of dif-
ferent risk factors and mechanical forces is involved (Kuivaniemi et al., 2016; Tromp
et al., 2010). A AAA displays obvious differences in vessel wall composition and struc-
ture compared to a healthy vessel wall; the aneurysmal wall is highly inflamed (Brophy
et al., 1991; Ihara et al., 1999), which mediates elastin destruction and finally results
in aneurysmal dilation, elongation, and increased tortuosity of the vessel (Campa et al.,
1987; Tilson, 1988; White et al., 1993). Furthermore, AAAs contain three- to fivefold
more collagen than healthy aortic tissue (Baxter et al., 1994). In later stages of AAA de-
velopment, collagen degradation contributes to AAA rupture (Dobrin et al., 1984).

Furthermore, thrombus—a 3D fibrin structure—is a common phenomenon in AAAs.
This fibrin structure consists of blood cells, platelets, blood proteins, and cellular debris
(Li et al., 2008). In contrast to other vascular diseases such as atherosclerosis, thrombus
formation generally does not cause an occlusion in AAAs (Piechota-Polanczyk et al.,
2015), but prevents diffusion of oxygen and nutrients into the arterial wall. This leads to
increased inflammation, neovascularisation, and hypoxia in the vessel wall, which results
in a reduction of the wall’s tensile strength.

1.2 Imaging

Over the years, different imaging methodologies have been developed to visualize plaque
morphology and composition. The 3D shape of an artery in vivo is generally acquired
via the following minimally invasive imaging techniques: computed tomography (CT),
magnetic resonance imaging (MRI), or X-ray-based angiography. However, these tech-
niques lack the required temporal and/or spatial resolution to assess plaque composition
in smaller arteries such as the coronary arteries. Lately, 3D geometry acquisition with
non-invasive ultrasound is being explored. Ultrasound has a relatively high resolution,
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1.2. IMAGING

but contrast and penetration depth, and therefore the field of view, remains limited. This
limitation is exacerbated when organs containing air, such as the intestines, which ob-
struct the view.

In addition to these 3D imaging techniques, invasive intravascular imaging techniques
can be used to visualize the detailed lumen and vessel wall. These procedures use a
small imaging camera (catheter) inserted into the artery. When positioned at the location
of interest, the catheter visualizes cross-sections of the artery and is then pulled back
at a motorized constant speed, such that longer arterial segments can be visualized. In
this way, the resolution is much higher than the aforementioned 3D imaging techniques,
enabling visualization of the shape and composition of atherosclerotic plaques.

The two most common invasive imaging techniques used to assess coronary plaques
are intravascular ultrasound (IVUS) and optical coherence tomography (OCT). For an
overview of the properties of IVUS and OCT, see Table 1.1. Each technique has ad-
vantages and disadvantages: IVUS has a large penetration depth, and therefore the full
plaque thickness can be visualized; however, the resolution of IVUS is limited. The res-
olution of OCT is high and allows detailed visualization of superficial structures such a
cap covering a lipid pool; however, the penetration depth of OCT is limited. Further-
more, since the pullback speed of OCT is very fast, it is subjected to heartbeat artefacts,
whereas the IVUS pullback is slower and (can be) gated.

Table 1.1: Properties of invasive imaging techniques: optical coherence tomography
(OCT) and intravascular ultrasound (IVUS).

OCT IVUS
Type Near-infrared light Ultrasound
Wavelength (µm) 1.3 35–80
Resolution (µm) 10–15 (axial), 40–90

(lateral)
100–200 (axial), 200–300

(lateral)
Frame rate (frames/s) 100–200 30
Pullback rate (mm/s) 10–20 0.5–1
Tissue penetration (mm) 1–2.5 10

Another IVUS-based technique is virtual histology intravascular ultrasound (VH-IVUS),
which uses raw radio frequency data to identify plaque components (Nair et al., 2002)
such as fibrous tissue, fibrous-fatty tissue, NC tissue, and dense calcium.
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Recently, the NIRS-IVUS catheter, which combines near-infrared spectroscopy (NIRS)
and IVUS, was developed for clinical use. Spectroscopy is already widely used to assess
the chemical composition of any unknown substance; this new clinical NIRS-catheter is
designed to detect lipids in plaques in vivo. The results of NIRS were confirmed with
histology in a large autopsy study (Gardner et al., 2008). Physicians at our hospital per-
formed the first-in-man study of this technology (Garg et al., 2010). The NIRS-catheter
indicates circumferentially if there is a high probability (>60%) of cholesterol (indicated
as yellow pixels) or a low probability (≤ 60%) of cholesterol (indicated as red pixels).
The presence of lipids is usually expressed as lipid core burden index (LCBI):

LCBI = 1000 ∗
# yellow pixels

# yellow pixels + # red pixels
(1.1)

High NIRS-derived LCBI values in a non-culprit vessel were associated with a fourfold
increase of MACE during one year of follow-up (Oemrawsingh et al., 2014). LCBI
values also were associated with adverse cardiac outcomes independent of clinical risk
factors or plaque burden (Schuurman et al., 2017). The potential of NIRS in addition to
shear stress as possible risk factor marker for atherosclerotic progression has not been
investigated.

Currently, post-processing techniques are available that allow the various non-invasive
and invasive imaging modalities to be fused (van der Giessen et al., 2010). In this way,
rough 3D geometry can be combined with detailed 2D information. In both techniques,
side branches are visible; these can be used as landmarks for fusion purposes.

1.3 Relationship between biomechanics and vascular diseases

Mechanical forces and the resulting stresses and strains play a key role in the development
and remodelling of tissues and cells. With computational modelling, we can determine
these mechanical forces. In AAA or atherosclerotic arteries, we determine the stresses in
force per area inside the arterial wall (with solid mechanics) or the blood flow-induced
shear stresses against the arterial wall (with fluid mechanics). Using fluid mechanics,
the effect of blood flow-induced shear stress on the intima (1.3.2) can be studied for
plaque initiation, progression, and destabilization. Solid mechanics is used to model wall
stresses and investigate rupture of the arterial wall or atherosclerotic plaque. From a
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biomechanical point of view, rupture will occur when stresses exceed material strength
(further explained in 1.3.1).

1.3.1 Wall stress

To understand plaque or aneurysm rupture, two things are important: arterial wall strength
and arterial wall stresses. In an idealized, homogeneous, circular, straight tube, the stress
(σ) can be calculated using LaPlace’s Law:

σ =
pr
h

(1.2)

where p is blood pressure, r is radius, and h is arterial wall thickness. In general, as
the diameter of the artery or intraluminal pressure increases, stresses will increase. The
inverse is true for wall thickness. However, arteries cannot be simplified into straight
circular tubes. Arteries are geometrically highly complex: they vary in diameter, wall
thickness, wall composition, curvature, and tortuosity. Therefore, LaPlace’s Law does
not hold, and hence the need for computational modelling.

Abdominal aortic aneurysm AAA studies using solid mechanics to determine rup-
ture risk have already provided some important insights. First, the presence of mural
thrombus acts as a buffer and significantly decreases stresses in the wall of a AAA (Di
Martino et al., 1998; Mower et al., 1997). Second, Fung et al. found that there are stresses
present in arteries even without blood pressure acting on the vessel wall; these are called
residual stresses or initial stresses (Fung, 1991). They may be induced in the develop-
ment and remodelling phase of the arterial wall. These initial stresses have a significant
effect on AAA wall stress calculations (de Putter et al., 2007; Merkx et al., 2009). With-
out the initial stresses, an erroneous higher volume (> 6%) of the geometry was observed
when exposed to the same blood pressure (Speelman et al., 2009). Third, the maximum
peak wall stress was found to be a promising predictor for AAA ruptures and therefore
has potential to aid in the clinician’s decision-making (Fillinger et al., 2002; Heng et al.,
2008; Truijers et al., 2007; Venkatasubramaniam et al., 2004). Fourth, Speelman et al.
demonstrated that the 99th peak wall stress is more robust and reproducible than peak
wall stress (Speelman et al., 2008).

Atherosclerosis Most studies on atherosclerosis that apply computational modelling
focus on local stress distribution in the plaque in order to predict rupture risk. Several
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studies have investigated how the shape, size, and material properties of tissue types
within the plaque influence local stress distribution. In coronary arteries, wall stresses
were highly dependent on the material properties of the intima (Akyildiz et al., 2011).
It is very difficult to determine these material properties to simulate stress in in vivo
tissues; the material properties of the intima are broadly heterogenous (Chai et al., 2013).
Furthermore, geometric properties affect wall stresses (Akyildiz et al., 2016). These
properties include: small irregularities in lumen and necrotic core shape and a thin intima
layer near the shoulder of the NC. Next, microcalcifications, presence of haemorrhage,
and macrophages were also associated with increases in wall stress (Huang et al., 2010;
Hutcheson et al., 2014).

From a biomechanical point of view, an atherosclerotic plaque ruptures if plaque stresses
exceed the plaque strength. Rupture typically takes place at the thin fibrous cap covering
a large lipid pool (Costopoulos et al., 2017; Gao and Long, 2008; Loree et al., 1992).
Cheng et al. suggested a threshold of 300 kPa of circumferential tensile stress in the
cap to predict rupture risk (Cheng et al., 1993). However, this threshold is questionable
since many studies suggest that there is a great variance in tissue strength (Akyildiz et al.,
2014).

1.3.2 Shear stress

Atherosclerotic plaque progression is associated with shear stress (Wentzel et al., 2012),
the frictional force exerted by blood shearing against the arterial wall. In a straight cir-
cular tube with fully developed flow, the flow is called Poiseuille’s flow. In this case,
shear stress can be calculated as a function of flow (Q), dynamic viscosity (µ) and radius
(R):

τ =
4µQ
R3 (1.3)

Due to the geometric complexity of blood vessels, this simple formula cannot be applied
to determine local shear stress distribution. Computational modelling is used to simulate
blood flow through geometric complex arteries (further explained in 1.4).

The link between atherosclerosis onset and shear stresses has been confirmed in previous
studies. Predilection sites for atherosclerotic plaques include the outer wall of a bifur-
cation and the inner curvature, both of which experience low shear stress (VanderLaan
et al., 2004). Endothelial cells are sensitive to shear stress, and both the morphology
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and function of endothelial cells are related to shear stress (Davies et al., 1986; Malek
et al., 1999). Endothelial cells exposed to low shear and oscillatory stress have higher
rates of proliferation rate and express more inflammatory molecules than cells exposed
to elevated shear stress (Davies et al., 1986),which contribute to plaque initiation.

Moreover, animal studies have demonstrated that low shear stress induces vulnerable
plaques (Cheng et al., 2006). This result was confirmed by studies in a diabetic hyper-
cholesteraemic pig model, in which vulnerable plaques (thin capped plaques with re-
duced collagen content) were most often observed at low shear stress regions (Koskinas
et al., 2013b). Plaque progression has also been associated with low shear stress (Samady
et al., 2011), and low shear stress has independently predicted rapid lumen narrowing and
plaque burden progression (Stone et al., 2012).

As previously discussed, the lumen can become compromised in advanced atheroscle-
rosis. When blood flow remains the same, but the lumen area decreases, blood velocity
(and thus shear stress) will increase. Some studies support the hypothesis that coronary
segments exposed to high time-average wall shear stress (TAWSS) are more prone to
evolving a to develop into a high-risk plaque (Eshtehardi et al., 2017). Several prospec-
tive studies demonstrated that high shear stress regions experience an increase in lipid
content, which leads to a more vulnerable plaque phenotype (Samady et al., 2011). Fur-
thermore, high TAWSS regions co-localize with plaque rupture sites (Fukumoto et al.,
2008; Groen et al., 2007).

In addition to the magnitude of shear stress, flow directionality affects endothelial cell
morphology and function. Perpendicular flow and multidirectional flow can cause in-
ability of cells to align in cells, which in turn is associated with the activation of inflam-
matory pathways (Baeyens et al., 2014; Davies et al., 1986; Wang et al., 2013). A new
multidirectional shear stress parameter, transverse wall shear stress (transWSS) (Peiffer
et al., 2013b), is the shear stress magnitude perpendicular to the main flow direction and,
this can be interpreted as the flow direction perpendicular to endothelial cell alignment.
TransWSS was a promising predictor of plaque development in a rabbit study; lipid-rich
plaques were more often found at high transWSS regions than at low transWSS regions
(Mohamied et al., 2015). This parameter has not yet been studied in human patients and
might be helpful in better understanding atherosclerosis.

Since cholesterol levels have a major impact on plaque growth (Nissen, 2005), the com-
bined influence of systemic cholesterol levels and shear stress was investigated in an an-
imal study. The animals were divided into a high total cholesterol group (n=4) and a low
total cholesterol group (n=5) (Koskinas et al., 2013a); animals with high total cholesterol
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levels underwent the most plaque progression in areas exposed to low shear stress. This
study suggests that high cholesterol greatly amplifies the effect of low shear stress on
plaque growth. Lipid accumulation also contributes to the activation of local endothelial
cells (Lusis, 2000); inflammation and plaque growth might be enhanced in the presence
of lipids inside the plaque. Therefore, low shear stress co-localized with local lipid-rich
plaques might be a better predictor for plaque progression than low shear stress and high
systemic cholesterol levels.

Taken together, shear stress plays a role in the initiation and development of atherosclero-
sis and potentially also in plaque destabilization; this role is still largely unknown.

1.4 Computational modelling

Computational modelling is used to solve a large set of partial differential equations that
describe a complex problem. These partial differential equations comply with energy,
mass, and momentum conservation laws. For computational modelling (or finite element
analysis), we use the continuum hypothesis, which implies that the material fills the entire
space and that the behaviour of individual molecules can be ignored. In fluid mechanics,
the resulting set of equations is known as the Navier-Stokes equations; these can be used
to get insight in the velocity and pressure vector fields throughout the lumen of the artery
for a given flow or pressure drop over the artery. From the velocity and pressure fields,
other parameters such as shear stresses can be derived.

In this thesis, the deformation and stresses of the arterial wall (with or without plaque)
subjected to external forces (e.g. blood pressure) are modelled by solving the mechani-
cal force and momentum equilibrium equations through numerical approximation. The
arterial wall and components thereof are modelled as elastic or hyper-elastic materials.
From solid mechanics simulations, the stresses in the wall are derived and used for fur-
ther study on potential wall or plaque rupture. However, to solve the large set of partial
differential equations, model input is necessary.

The model input consists of geometry, material properties (e.g. blood or vessel wall), and
loading conditions (e.g. blood pressure or blood velocity). A schematic overview of the
input for the computational modelling is given in Figure 1.5. All input parameters are
either measured or based on literature and should be set with the utmost caution. Errors
can propagate or be amplified in the results, which may lead to misinterpretations of the
data. These three inputs will be further explained in the following sections.
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For calculations of both shear stress and wall stress, geometry is very important. Shear
stress calculations require an accurate description of the lumen’s 3D geometry (i.e. cur-
vature, tortuosity, and branching), including the side branches. For arterial wall stress
calculations, knowledge of the lumen, the vessel wall thickness, and the composition of
the arterial wall are important.

The loading specifics depend on whether the modelling type is fluid or solid. For solid
mechanics, stresses in the vessel wall are calculated; here, blood pressure is a loading re-
quirement. For fluid mechanics, the blood flow, blood velocity profile or blood pressure
is required; these can be approximated but should ideally be measured. Blood flow ve-
locity can be measured using an invasive Doppler wire or 4D phase contrast MRI (Cibis
et al., 2017; Doucette et al., 1992). Many shear stress studies of coronary arteries neglect
the presence of side branches. The presence of side branches affects the flow distal from
the branch, since a portion of the flow will exit the system through the side branch.

Furthermore, the tissue surrounding the arteries is important. In the atherosclerotic solid
mechanics studies in this thesis, it was assumed that the artery was embedded in soft
tissue. The aneurysms were fixed proximally and distally. In the fluid mechanics studies,
the wall was assumed to be stationary, and a non-slip boundary condition on the lumen
wall was therefore assumed.

For each material that is modelled, material behaviour needs to be prescribed. Mea-
surements of each material’s behaviour would be ideal; however, this is difficult in vivo.
Moreover, biological materials are often heterogeneous. In this thesis, the solid materials
or plaque components were assumed to be hyper-elastic, isotropic, and incompressible.
Computational fluid dynamics requires the input of blood properties such as viscosity and
density. Blood is a shear-thinning fluid, meaning that viscosity decreases as a function of
the shear rate. This behaviour is captured in non-Newtonian material models.

1.5 Scope and outline

The overall aim of this thesis is to investigate the impact of biomechanical stresses on the
development of two arterial diseases: atherosclerosis and abdominal aortic aneurysms.
Various imaging and computational methodologies were employed to assess the stress
inside the wall and the blood flow-induced shear stresses acting on the wall. The in-
fluence of these stresses was investigated on changes in plaque growth and changes in
composition. Furthermore, improvements on the methodologies to calculate wall stress
in atherosclerotic plaques and aneurysms were investigated.
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Fluid mechanics
Even though risk factors for atherosclerosis are systemic in nature (e.g. blood pres-

sure, cholesterol), atherosclerosis was localized at certain predilection sites such as inner
curvatures and near bifurcations. These predilection sites were explained by the pro-
atherogenic influence of blood flow-induced shear stress at the vessel wall (VanderLaan
et al., 2004). Since geometry has major impact on shear stress, multiple studies investi-
gated the risk associated with geometric factors as an alternative to shear stress.

Chapter 2 reviews studies that investigated the relationship between geometric risk fac-
tors, shear stress and the application of geometric risk factors as predictors of atheroscle-
rotic plaque development in coronary and carotid arteries. Additionally, helical flow
is introduced as a potential surrogate marker for shear stress because helical flow was
shown to be atheroprotective in carotid arteries. The association between helicity and
shear stress has never been investigated in coronary arteries, which are geometrically dis-
tinct from carotid arteries. Chapter 3 describes a study in which the association between
helicity, shear stress, and geometric parameters was investigated in porcine coronary ar-
teries.

Shear stress distribution of blood at the vessel wall largely depends on local geome-
try, but also changes over the cardiac cycle in both magnitude and direction. Because
time-averaged wall shear stress alone is insufficient to fully predict plaque growth and
destabilization, shear stress parameters that account for its multidirectionality might im-
prove local estimations of plaque growth and destabilization. In Chapter 4, a study is
described in which various multidirectional shear stress parameters are investigated si-
multaneously for the first time; this study determines their influence on plaque growth
and composition changes in twenty human coronary arteries.

Lipids play a major role in atherosclerotic plaque development. A recently developed
NIRS-IVUS catheter can assess plaque morphology (using IVUS) simultaneously with
lipid information. In Chapter 5, we describe the study in which we used this new catheter
to study the combined influence of a NIRS positive signal and multidirectional shear
stress parameters for its ability to predict plaque progression in acute coronary syndrome
(ACS) patients. In Chapter 6, a new porcine model to study plaque growth is intro-
duced. In 30 coronary arteries from adult familial hypercholesteremic pigs the influence
of multidirectional shear stress on plaque composition and plaque growth was investi-
gated.
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Solid mechanics
For the calculation of stresses in the vessel wall, it is imperative to know the composi-

tion and material properties of the vessel wall. In coronary arteries, detailed knowledge
of plaque composition is often obtained via IVUS, OCT, or both. Although the com-
bination of IVUS and OCT provides information on vessel wall thickness, fibrous cap
thickness, and the location of the lipids, the lipid-rich NC still cannot be fully visual-
ized. In Chapter 7, a methodology to reconstruct the NC based on the information that
is available through IVUS and OCT is described; this method also allows calculations of
stress in the vessel wall. Plaque morphology and composition in the carotid arteries are
often imaged using MRI. However, the resolution of MRI is insufficient to capture the cap
region of the NC, leading to an overestimation of cap thickness even by experienced MRI
readers. In Chapter 8, a similar strategy to that described in chapter seven was applied
to reconstruct the cap and complete the lipid-rich NC. Thereby, this study introduces a
new methodology to improve the accuracy of computational modelling of NC geometry
and of MRI-based peak cap stresses in carotid arteries.

In aneurysms, the computation of peak stresses can potentially aid in rupture risk as-
sessment. Previously, MRI and CT images were used to create 3D models of the AAA.
However, 3D ultrasound offers a higher image resolution and thus would allow a more
accurate 3D reconstruction of AAA geometry. In Chapter 9, a study that investigated
the feasibility of assessing peak stresses in AAAs based on 3D ultrasound imaging is
described.
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2Atherosclerosis at arterial
bifurcations

Based on: Morbiducci U, Kok AM, Kwak BR, Stone PH, Steinman DA., Wentzel JJ.
Atherosclerosis at arterial bifurcations: Evidence for the role of haemodynamics and
geometry. Thromb Haemost. 2016;115:484–492.

ABSTRACT
Atherosclerotic plaques are found at distinct locations in the arterial system, despite the
exposure to systemic risk factors of the entire vascular tree. From the study of arterial
bifurcation regions, which are more prone to the initiation/progression of atherosclero-
sis, emerges ample evidence that haemodynamics are involved in the local onset and
progression of the atherosclerotic disease. This observed co-localization of disturbed
flow regions and lesion prevalence at geometrically predisposed districts such as arterial
bifurcations has led to the formulation of a ‘haemodynamic hypothesis’, that in this re-
view is grounded to the most current research concerning localizing factors of vascular
disease. In particular, this review focuses on carotid and coronary bifurcations because
of their primary relevance to stroke and heart attack. We highlight reported relation-
ships between atherosclerotic plaque location, progression and composition, and fluid
forces at vessel’s wall, in particular shear stress and its ‘easier-to-measure’ surrogates,
i.e., vascular geometric attributes (because geometry shapes the flow) and intravascular
flow features (because they mediate disturbed shear stress), in order to give more insight
in plaque initiation and destabilization. Analogous to Virchow’s triad for thrombosis,
atherosclerosis must be thought of as subject to a triad of, and especially interactions
among, haemodynamic forces, systemic risk factors, and the biological response of the
wall.
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CHAPTER 2. ATHEROSCLEROSIS AT ARTERIAL BIFURCATIONS

2.1 Introduction

Atherosclerosis is a systemic inflammatory disease of the arterial system characterized
by intimal lesion formation (atherosclerotic plaques) in the vasculature. Rupture of
atherosclerotic plaques is responsible for the majority of the cardiovascular events (my-
ocardial infarction, stroke), which are leading causes of morbidity and mortality in the
Western world. Atherosclerotic plaques display a variety of phenotypes: highly inflamed
lesions with a large lipid pool and a thin fibrous cap are recognized as most vulnerable
to rupture, whereas fibrous plaques are generally considered more stable (Ylä-Herttuala
et al., 2011).

Atherosclerotic plaques develop at arterial locations with a dysfunctional endothelium
and involves leukocyte recruitment, lipid accumulation, smooth muscle cell migration
and proliferation, cell death and fibrosis (Libby et al., 2013; Van Vre et al., 2012).
Atherosclerotic plaque development occurs preferentially at geometrically predisposed
areas, like the inner curvature of the aortic arch and close to arterial branch points, de-
spite the fact that the entire arterial tree is exposed to systemic risk factors such as hyper-
tension, hypercholesterolemia and diabetes (Asakura and Karino, 1990; Eshtehardi et al.,
2012).

There is ample evidence that haemodynamic factors are involved in the local onset and
progression of atherosclerosis, often referred to as the ‘haemodynamic hypothesis’. Haemo-
dynamic factors regulate multiple aspects of vascular biology and physiology and play a
key role in vascular homeostasis as well as in arterial disease development (Kwak et al.,
2014). In analogy to Virchow’s triad on thrombosis, Figure 2.1 shows a schematic repre-
sentation of factors involved in atherosclerotic plaque formation, illustrating the complex
interplay between, (1) haemodynamic factors, (2) the biological response of the arterial
wall, and (3) systemic risk factors.

A haemodynamic factor that is widely recognized for its involvement in atherosclerotic
plaque formation is endothelial shear stress, the frictional force per area exerted at the
vessel wall by the flowing blood Figure 2.2. In general, in plaque initiation process low
and oscillatory shear stress is considered atherogenic, whereas high shear stress is athero-
protective (Malek et al., 1999).

Wall shear stress can be determined by calculating the gradient of the local blood flow ve-
locity close to the vessel wall multiplied by the blood viscosity. Physical laws determine
that blood flow velocities, due to the balance of centrifugal, pressure and viscous forces,
are spatially distributed such that skewed, highly asymmetric velocity profiles can be ob-
served in bending arterial segments or at arterial branching (Asakura and Karino, 1990;
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Figure 2.1: The complex interplay among systemic risk factors, biological factors
and haemodynamic factors leading to vascular pathology and atherosclerotic plaque
formation may be seen as a triad in analogy to Virchow’s triad of thrombosis. The sys-
temic risk factor most influencing atherosclerosis is hypertension, whereas shear stress
locally influences the endothelial function and vascular biology. In turn, endothelial
function is also influenced by systemic risk factors such as cholesterol levels.
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Glagov et al., 1988) and bifurcating regions, where flow separation and reattachment can
occur, consequently leading to complex distinct patterns of low and high shear stress at
vessel’s wall (Asakura and Karino, 1990; Zarins et al., 1983; Ku et al., 1985).

Additionally, the direction and velocity of blood flow in arteries fluctuate throughout the
cardiac cycle. Vascular locations that are exposed to low, oscillatory shear stress (i.e.,
varying in direction, with both forward and reverse velocities) during the cardiac cycle
are considered as ‘disturbed’ shear stress regions.

Nowadays, shear stress is most commonly assessed using advanced computational fluid
dynamics (CFD) (Taylor and Steinman, 2010). However, these methods are typically lim-
ited to engineering experts and can be sensitive to assumptions and uncertainties in input
parameters including blood flow rates and vessel geometry. Other methods to estimate
shear stress include magnetic resonance imaging (MRI)-based velocity measurements,
but these can only be applied to larger arteries such as the carotid artery and aorta. Using
MRI, absolute shear stress values are typically underestimated due to MRI’s low spatial
and temporal resolution; however the relative distribution of low vs. high shear stress
that can be obtained from the acquired phase velocities is generally correct (Cibis et al.,
2014).

Researchers have also investigated whether geometric features of arteries, as easier-to-
measure surrogate markers of shear stress, might be able to predict risk for atherosclerotic
plaque formation, the so-called ‘geometric risk hypothesis’ (Friedman et al., 1983). More
recently, attempts have been made to correlate specific geometric attributes of the carotid
bifurcation with shear stress distribution (Lee et al., 2008; Perktold and Peter, 1990; Perk-
told et al., 1991; Thomas et al., 2005) and with intimal thickness location (Bijari et al.,
2014). Descriptors of the intravascular flow itself, such as helical flow (which has been
demonstrated to smooth out extremes of wall shear stress (Caro et al., 1996; Morbiducci
et al., 2007; Gallo et al., 2012), have also been investigated as easier-to-measure surrogate
markers of shear stress (Morbiducci et al., 2007; Gallo et al., 2012).

This review focuses on carotid and coronary bifurcations because of their primary rele-
vance to stroke and heart attack. We highlight reported relationships between atheroscle-
rotic plaque location, progression and composition and shear stress or its surrogates, i.e.,
vascular geometry (because geometry shapes the flow) and helical flow (because it is
instrumental in suppressing flow disturbances), in order to give more insight in plaque
initiation and destabilization.
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Figure 2.2: Definition of endothelial shear stress, wall stress and geometric parame-
ters in a schematic representation of carotid artery bifurcation. The shear stress is the
gradient of the velocities close to the vessel wall multiplied by the viscosity, not to be
confused with intramural stress (more markedly involved in plaque rupture) inside the
vessel wall, also shown. The geometric parameters demonstrated for the carotid bifur-
cation as ‘easy-to-measure’ surrogates for shear stress are the ratio of maximal area
at the bifurcation region (AMAX) to the area at the common carotid artery (ACCA); and
the ratio of the CCA centerline distance (D) to the shortest distance (L) between ACCA

and AMAX . Also shown is the often-reported angle (α) between the two side branches.
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2.2 Vascular biology and its relationship with shear stress

The luminal side of blood vessels is lined by a monolayer of endothelial cells, which
regulate leukocyte adhesion and transmigration, mass transport/permeability, platelet ag-
gregation and smooth muscle function through the release vasoactive substances, such
as nitric oxide, endothelin-1 and prostacyclin, and by the expression of specific adhe-
sion and junctional molecules (Félétou et al., 2012; Weber et al., 2007; Zarbock and Ley,
2008). The endothelial cells are the only cell layer directly in contact with flowing blood,
and shear stress influences vascular function by activating endothelial mechanorecep-
tors, which transmit biochemical signals in response to the shear stress. Three groups
of potential shear stress sensors have been proposed over the past two decades: (1) cell
membrane-associated molecules such as ion channels, receptors, adhesion molecules and
the glycocalyx, (2) specific membrane microdomains, like primary cilia and caveolae,
and (3) general cell supporting structures such as the cytoskeleton and the lipid bilayer
membrane itself (Ando and Yamamoto, 2013). There are substantial differences in the
endothelial response in straight parts of arteries that are exposed to pulsatile laminar
blood flow and in regions of disturbed shear stress near arterial bifurcations, which may
be initiated by different sensing mechanisms. The endothelium in regions of disturbed
shear stress displays increased expression and activation of the pro-inflammatory Nu-
clear Factor Kappa B (NF-κB), an increased oxidant/anti-oxidant balance, activation of
the unfolded protein response and endoplasmic reticulum stress as well as low expres-
sion of protective factors such as endothelial nitric oxide synthase, thrombomodulin and
Krüppel-like transcription factors (KLF2, KLF4) (Boon and Horrevoets, 2009; Davies
et al., 2013). These disturbed shear stress-induced changes in endothelial cell behavior
result in increased susceptibility to injury and inflammation and limit the regenerative ca-
pacity of endothelial cells, this way explaining the focal nature of atherosclerotic lesion
formation (Kwak et al., 2014; Schober et al., 2015).

Shear stress may not only affect the initiation of atherosclerosis, but may also directly
modify plaque composition and thereby its vulnerability (Ylä-Herttuala et al., 2013).
Indeed, the pattern of (imposed) shear stress disturbance appeared by itself crucial for
plaque phenotype in mice (Cheng et al., 2006), i.e. plaques in a low shear stress re-
gion contained low amounts of smooth muscle cells and collagen, high quantities of
macrophages and a large lipid core, corresponding to a vulnerable plaque phenotype in
human. In contrast, oscillatory shear stress induced smaller plaques with a more stable
phenotype.

The relationship between shear stress and atherosclerosis is reciprocal, since plaque for-
mation leads to alterations in local shear stress. During early atherogenesis, outward
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vessel wall remodeling can compensate for plaque growth, thus minimizing changes to
the vessel lumen (Glagov et al., 1987). Since the geometry of the lumen determines
blood flow patterns, this implies that shear stress will not alter significantly during this
period. As a result of persisting low shear stress, plaques with a large lipid core, intense
inflammation and a thin fibrous cap are found at such locations in porcine coronary ar-
teries (Chatzizisis et al., 2008). When expansive remodeling is exhausted, further plaque
growth leads to narrowing of vessel lumen, resulting in marked alteration of the shear
stress patterns. The upstream segment of the plaque to the point of maximal stenosis is
exposed to high shear stress, whereas the downstream segment is subjected to low and
oscillatory shear stress. Although defined successive alterations in shear stress patterns
have not (yet) been experimentally imposed in animal models, the distribution of leuko-
cytes in human carotid atherosclerotic lesions seems to relate to shear stress (Dirksen
et al., 1998).

Upstream segments of plaques at the carotid bifurcation show enhanced macrophage ac-
cumulation and apoptosis, intraplaque hemorrhage, thinner fibrous caps and greater inci-
dence of plaque rupture (Cicha et al., 2011; Dirksen et al., 1998). Increased smooth mus-
cle cell and collagen content in the downstream segment seems to stabilize the plaques
at this location. Several mechanisms have been proposed (Slager et al., 2005) that poten-
tially are responsible for the high shear stress-induced fibrous cap destabilization. High
shear stress leads to an increased NO production and may thereby enhance MMPs ex-
pression by macrophages, which can promote cap rupture (Death et al., 2002). Also,
plasmin, which is produced by the endothelium in response to high endothelial shear
stress (Kenagy et al., 2002) is a strong activator of specific MMPs (i.e. MMP-1, -3, -9,
-10 and -13) (Lijnen, 2001).

It is important to note that the mechanisms governing advanced plaque progression and
vulnerability are almost certainly different from those for initiation and early progression.
In fact, the hypothesis that atherosclerosis initiation correlates with low and/or oscillatory
shear stress cannot explain why intermediate and advanced plaques continue to grow
under the elevated high shear stress condition caused by severe stenosis-driven altered
flow conditions (Tang et al., 2014, 2008, 2005b).
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2.3 Carotid bifurcation

2.3.1 Variation in geometry and its influence on shear stress

The carotid bifurcation is the vascular connection where arterial blood from the common
carotid artery (CCA) is distributed to the intracranial and extracranial circulations via the
internal (ICA) and external (ECA) carotid artery branches, respectively. The presence of
this bifurcating vessel, and in particular the dilatation of the region where the ICA stems
from the CCA (the so-called carotid bulb) causes complex intravascular flow structures,
including flow separation and recirculation, consequently leading to low and oscillatory
shear stress.

Early CFD studies using idealized geometries of the bifurcation demonstrated the impact
of bulb diameter and bifurcation angle (Perktold and Peter, 1990; Perktold et al., 1991)
on the size and intensity of disturbed shear stress at the carotid bulb. Later, a more sys-
tematic approach using a parametric geometry demonstrated interactions among bulb di-
ameter, bifurcation angle, and branch diameters in predicting low shear stress (Bressloff,
2007). Investigations using patient-specific geometries showed that bifurcation planarity
had only a minor influence on disturbed shear stress compared to artificially straightened
counterparts (Thomas et al., 2002). A more comprehensive study of 50 young adults
showed that the interaction between bifurcation area ratio and CCA tortuosity signifi-
cantly predicts exposure to disturbed shear stress at the carotid bulb (Lee et al., 2008).
Interestingly, in that study bifurcation angle did not show correlation with disturbed shear
stress. These findings were corroborated by in vivo (MRI) imaging of blood flow in an
independent cohort (Markl et al., 2010), and were later shown to be strengthened either
by prudent combination of selected geometric parameters (Zhang et al., 2010), or by re-
fining the definitions of individual geometric parameters Figure 2.2 to better reflect their
influence on the shear stress distribution at the luminal surface (Bijari et al., 2012).

2.3.2 Plaque localization, growth, composition vs. shear stress

Autopsy specimens of carotid bifurcations (Ku et al., 1985; Zarins et al., 1983) have
revealed that there are preferred sites for lesion location. Intimal thickening was (1)
more pronounced along the outer wall, opposite of the flow divider of the bifurcation, (2)
eccentric and greater than elsewhere in the carotid bulb, and (3) minimal and in general
uniformly distributed at the common carotid and distal internal carotid levels.

In vitro studies on haemodynamics in adult carotid bifurcations have clarified that regions
where maximum intimal thickening and atherosclerotic plaque formation occur were as-
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sociated with low and oscillatory shear stress (Ku et al., 1985; Zarins et al., 1983; Ku and
Giddens, 1983), whereas the minimally affected arterial lesions were exposed to high
flow velocities and thus high shear stress (Zarins et al., 1983). These observations sug-
gested that low shear stress may enhance atherogenesis in the carotid bifurcation. CFD
analysis on postmortem human carotid bifurcations with early atherosclerosis have also
confirmed the existence of wall alterations at low shear stress regions (Goubergrits et al.,
2002).

Recent studies point to a link between shear stress and plaque composition, and thus
plaque stability/rupture in carotid arteries (Lovett and Rothwell, 2003; Schulz and Roth-
well, 2003). For instance, at the upstream side of the plaque, presumably exposed to high
shear stress, a more vulnerable plaque phenotype is observed (Cicha et al., 2011; Dirksen
et al., 1998), as is the majority of ulcerations (de Weert et al., 2009). This observation has
been confirmed by using MRI-based modeling of the shear stress, showing plaque ulcers
being located at the high shear stress sites of the plaque (Groen et al., 2007).

2.3.3 Geometric risk factors and plaque localization and growth

Vascular geometry might serve as a risk factor for the early development of atheroscle-
rosis disease because of its strong influence on local haemodynamics (Friedman et al.,
1983; Raso et al., 1981). Early tests of this geometric risk hypothesis were equivocal
(Fisher and Fieman, 1990; Ravensbergen et al., 1998; Smedby et al., 1993; Smedby,
1996, 1998; Spelde et al., 1990; Harrison and Marshall, 1983), owing to small sample
sizes (N<100) and difficulties in controlling for systemic risk factors or possible sec-
ondary effects of plaque on lumen geometry. Larger studies from the early 2000s rein-
vigorated the search for geometric risk factors (Schulz and Rothwell, 2001; Polak et al.,
2010; Sitzer et al., 2003). In a recent study, proximal ICA radius and ICA angle were
reported to be significant independent predictors of stenosis development (Phan et al.,
2012), but the inclusion of cases with up to 90% stenosis makes it difficult to exclude the
impact of plaque on geometry. This importance of cause vs. effect was highlighted in
a recent study demonstrating that so-called ‘haemodynamically-inspired’ geometric risk
parameters were significant independent predictors of early carotid bulb wall thickening,
but only after carefully excluding cases with possibly inward remodeling (Bijari et al.,
2014).

2.3.4 Helical flow velocity and plaque localization and growth

The main geometric characteristics of the carotid artery bifurcation contribute to the
onset and development of helical flow patterns (i.e., pitch and torsion of the stream-
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ing blood) (Morbiducci et al., 2007; Gallo et al., 2012, 2015). Recent findings on a
dataset of 50 models of human carotid bifurcations showed that helical flow intensity
suppress flow disturbances at the carotid bifurcation and thereby is potentially protective
for atherosclerotic plaque build up (Gallo et al., 2012). Since it was demonstrated that
intravascular helical flow can be reliably assessed in vivo (Morbiducci et al., 2011), the
quantitative analysis of helical flow patterns could offer a practical way to predict local
risk on atherosclerosis in large scale clinical studies, as already done in other arterial
districts (Morbiducci et al., 2011; Frydrychowicz et al., 2012), see Figure 2.3.
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Figure 2.3: Schematic representation of the relationship between shear stress, geom-
etry and helical flow in carotid arteries. It is hypothesized that (1) the local shear
stress is associated with either the local geometry of the bifurcation (R2 up to 0.61)
(Bijari et al., 2012) or the helical flow (R2 up to 0.69) (Gallo et al., 2012) and that
(2) local geometry and helical flow are also correlated (R2 up to 0.60) (Gallo et al.,
2015). Quantitative analysis of geometric vascular attributes and helical flow is fea-
sible and reliable in a clinical setting. However they could be less sensitive or specific
than shear stress, for inferring vascular disease.
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2.4 Coronary bifurcation

2.4.1 Variation in geometry and its influence on shear stress

The coronary circulation provides the heart with blood and, in general, it consists of two-
to-three major branches: the right side of the heart is fed by the right coronary artery
(RCA), whereas the left side is fed by (1) the left main coronary artery (LM), which
bifurcates into the left anterior descending artery (LAD) and the left circumflex (LCx),
or (2) the LAD and LCx when they stem directly from the aorta. Of all bifurcations in
the coronary circulation, LM-LAD-LCx bifurcations are most often affected by disease
(Boucek et al., 1980)

Data on geometrical attributes influencing shear stress in coronary artery bifurcations is
limited, with the only patient data available focusing on the LM bifurcation. A recent
study of LM bifurcations from eight patients showed that LM-LAD tortuosity, appeared
to be a good predictor for low shear stress (Malvè et al., 2015), whereas LM-LCx tortuos-
ity, bifurcation angle or area ratios were not predictive of shear stress. Interestingly, other
studies have observed an association between LAD-LCx angle and low and oscillatory
shear stress regions (Chaichana et al., 2011; Dong et al., 2015). A positive correlation
between regions exposed to high shear stress and LAD-LCx and LM-LCx angles (Malvè
et al., 2015) has also been observed. In addition to the bifurcation angle, the sharp-
ness/smoothness of the artery branching off has been shown to significantly influence the
local shear stress: the sharper the bifurcation the lower the shear stress (Perktold and
Peter, 1990). Although the out of plane course of the coronary arteries (planarity) is po-
tentially of influence on the local shear stress distribution, this geometric parameter has
not been studied for coronary arteries.

As noted earlier, the presence of stenosis in the bifurcation region potentially changes
the local well-defined shear stress distribution. As an example, a study investigated the
shear stress distribution in the bifurcation region in the presence of lumen narrowing in
the proximal (main) vessel, main distal vessel or side branches (Frattolin et al., 2015).
Intuitively the lowest shear stress values were expected when all vessels had a significant
stenosis. However, it was observed that significant stenosis in the proximal vessel in
combination with stenosis in the side branch resulted in the lowest shear stress values
(i.e., an intense atherogenic environment) in the side branch, in the flow recirculation
zone immediately distal to the stenosis (Frattolin et al., 2015).
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2.4.2 Shear stress and Plaque localization and growth

In the left coronary arteries, plaques are most commonly located at the lateral wall (Badak
et al., 2003; Kimura et al., 1996; Svindland, 1983). Based on a coronary CT study,
it was speculated that the plaques grow from the opposite of the flow divider (low shear
stress) circumferentially towards the flow divider, presumably the high shear stress region
(van der Giessen et al., 2009). Interestingly, early plaques located near bifurcations were
found to be associated with high shear stress. A possible explanation for this observation
is that in the bifurcation region positive remodeling is limited, leading to lumen narrowing
and shear stress increase already with early disease (Gijsen et al., 2014).

Although the impact of shear stress on plaque progression has been investigated for non-
bifurcated segments of the coronary arteries (Molony et al., 2015), no studies have been
dedicated to the bifurcation region. The largest such plaque progression study ever, the
PREDICTION study of 500 patients, showed a positive relationship between lumen area
change and shear stress, and an inverse relation between plaque burden (percentage of
plaque area with respect to the total vessel area) change and shear stress (Stone et al.,
2012). Other studies have shown that low shear stress in combination with a plaque
burden greater than 50% was a hallmark of plaque area increase over a period of 6 months
(Corban et al., 2014), whereas high shear stress was found to be related to plaque area
decrease (Samady et al., 2011).

2.4.3 Shear stress and Plaque composition

In a swine study, low shear stress was observed to be correlated with increased inflamma-
tion and lipid content, suggesting that low shear stress initiates plaque onset and might
be involved in the generation of vulnerable plaques (Chatzizisis et al., 2008). Similar
data have been obtained in a number of patient studies, suggesting a co-localization of
low shear stress and vulnerable plaque composition such as necrotic core, plaque and
calcium (Eshtehardi et al., 2012; Samady et al., 2011; Wentzel et al., 2013). On the other
hand, plaques characterized by a plaque burden greater than 40%, at which point lumen
narrowing is typically observed, showed a co-localization of high shear stress (i.e., a con-
sequence of lumen narrowing) and the lipid core. This corroborates the hypothesis that
shear stress remains low until the plaque encroaches into the lumen, leading to high shear
stress exposure at the upstream side of the plaque (Wentzel et al., 2003). Interestingly,
high shear stress has been associated with plaque rupture sites (Fukumoto et al., 2008;
Gijsen et al., 2013).

Several studies propose strain, the wall deformation caused by wall stress Figure 2.2,
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as a surrogate marker for plaque composition. Low strain or low tissue deformation
presumably corresponds with ‘stable’ fibrous tissue and was found to be co-localized
with low shear stress (Wentzel et al., 2013). In contrast high strain (or deformation),
indicating weaker underlying materials such as lipid-filled macrophages was associated
with high shear stress regions (Gijsen et al., 2008). In a later study, high shear stress
was found to be correlated with an increase in strain over time, suggesting that high
shear stress modulates plaque compositional growth (Gijsen et al., 2008). Using virtual
histology, high shear stress has also been associated with increase in necrotic core area
and decrease in overall plaque area, potentially leading to increase in plaque vulnerability
(Corban et al., 2014).

Plaques that are located close to the bifurcation are present in the main mother vessel
as well as the distal main branch. Interestingly, plaques show a clear difference in com-
position comparing plaques located proximal from the bifurcation versus distal from the
bifurcation. Plaques containing larger lipid pools are predominantly located at the prox-
imal site of the bifurcation, and lesions appear to be longer at this site (Papadopoulou
et al., 2012) (Diletti et al., 2011; Gonzalo et al., 2009; Garcı́a-Garcı́a et al., 2010). In
general, the thinnest caps are observed at the proximal site of the bifurcation (Diletti
et al., 2011; Gonzalo et al., 2009), except for a study where the thinnest caps were found
to be located at the distal site (Jia et al., 2015). Summarizing the above, one would clas-
sify atherosclerotic lesions at the proximal site of the bifurcation as vulnerable and thus
more prone to rupture.

2.4.4 Geometric risk factors and plaque localization

Already in 1997, geometrical parameters were identified as possible risk factors for
plaque localization (Ding et al., 1997). Based on vascular casting techniques of the left
coronary artery bifurcation (LM -LAD-LCx), the presence of plaques in the LAD seg-
ment correlated best with an interaction term that included the planarity of the bifurcation
and the LCx-LAD branch angle. Another study in 245 right coronary arteries correlated
the shape of the coronary artery (C-shape vs. sigma shape) to the presence of disease.
Although multivariate analysis showed that C-shape was an independent predictor of sig-
nificant coronary artery disease (Dvir et al., 2003), the measure was not sensitive enough
to be used as predictor (Demirbag and Yilmaz, 2005).
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2.5 Discussion

Since atherosclerotic plaques are observed at distinct locations in the vasculature, in par-
ticular around bifurcations, a link between local haemodynamics and the initiation and
progression of plaques has been suggested. For instance, in the bulb region of a carotid
artery bifurcation the local flow velocity distribution and thus the local shear stress envi-
ronment is complex, but well defined. This is not to imply that haemodynamic factors are
the sine qua non; additionally, systemic risk factors must also be recognized in the onset
and progression of atherosclerosis. As shown in Figure 2.1, the interplay among haemo-
dynamics, systemic risk factors and vascular biology may be visualized analogously to
Virchow’s triad. All factors go hand in hand towards vascular pathology. For instance,
the endothelial response to shear stress is modulated by systemic risk factors, such as
hypercholesterolemia, influencing the endothelial function and thereby the susceptibility
to atherosclerotic plaque formation (Malek et al., 1999). This synergistic effect of hy-
percholesterolemia on shear stress induced plaque progression was elegantly shown in
an atherosclerotic animal model of plaque progression (Koskinas et al., 2013a) corrob-
orating the interaction among the three different factors. The same risk factors are also
responsible for the extent of plaque growth, as has been convincingly demonstrated in
clinical studies reducing cholesterol levels and systemic inflammation by statin therapy
(Goldstein and Brown, 2015).

2.5.1 Surrogate markers of ‘haemodynamic risk’

Present methods to assess endothelial shear stress directly in vivo suffer from limitations
of imaging technology (Cibis et al., 2014; Markl et al., 2010). On the other hand, acqui-
sition of helical patterns or certain geometric features of vascular segments are clinically
feasible and may be considered as potential surrogate markers for atherosclerosis risk,
by virtue of their influence on near-wall flow patterns (Morbiducci et al., 2007; Félétou
et al., 2012). Figure 2.3 shows an overview of the interplay between geometry on one
hand and helical flow and the endothelial shear stress on the other, indicating the strength
of associations reported by investigations of the carotid arteries. The possibility to screen
risk from the bifurcation geometry or helical flow as promoters/surrogates of disturbed
shear stress is attractive in terms of translation of biomechanical principles into clinical
practice. However, a better understanding of the interaction of biomechanical risk fac-
tors, systemic factors and factors related to vascular biology are needed to fully capture
the total risk, as visualized in Figure 2.1.
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2.5.2 Coronary arteries vs carotid arteries

Geometric features dictate the local haemodynamic environment and thereby plaque initi-
ation and progression, irrespective of the vascular bed. The geometric features the carotid
and coronary bifurcations have in common, which influence low shear stress, is tortuosity
(Bijari et al., 2012; Malvè et al., 2015). At the level of the bifurcation, marked differences
are present: a larger area ratio was clearly associated with low disturbed shear stress for
the carotid (Bijari et al., 2012), but not for coronary bifurcation (Malvè et al., 2015)
owing to the dominant influence of the carotid bulb, which is unique to the carotid bifur-
cation. Geometric features predominantly associated with plaque in the coronary arteries
were planarity and large bifurcation angle. The carotid bifurcation, on the other hand, is
largely planar (Thomas et al., 2005), while the influence of bifurcation angle on haemo-
dynamics is negated by the competing influences of area ratio and tortuosity (Zhang et al.,
2010).

Identical twins studies have underlined the ‘haemodynamic hypothesis’ by showing plaque
at similar locations even in pairs with different coronary risk profiles (Gullu et al., 2007).
In twin pairs with similar anatomy the location of plaque was most often in concordance
contrasting the twin pairs of which the anatomy was not in concordance (Nathoe et al.,
2002). These observations highlight again the importance of geometry and thus hemody-
namics in addition to genetic and systemic risk factors in the generation of plaques.

Finally, while the focus of this review paper was on wall shear stress and the haemody-
namic hypothesis, it is worth making brief mention of mass transport, because it would
appear that the transport of species (e.g., lipid-carrying macromolecules), their uptake
into the arterial wall, as well as the adhesion of bioactive substances, can be strongly
influenced by the fluid phase (Dull and Davies, 1991; Tarbell, 2003; Coppola and Caro,
2008). These observations on the existence of a mechanism involving arterial wall lipid
metabolism and shear-dependent blood-wall mass transport, paralleled by the acknowl-
edgment that blood-wall transport occurs by different routes (Tarbell, 2003), have led to
the formation of the ‘mass transport hypothesis’, which is thought to partially underlie or
at least complement the haemodynamic hypothesis.

2.5.3 Conclusions

Disturbed haemodynamics, in particular low and oscillatory shear stress, is recognized as
one of the most important determinant in plaque initiation and progression. In particular,
arterial bifurcations can be markedly exposed to disturbed shear and thereby affected by
local plaque formation, which reflects a complex interplay among the triad of haemo-
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dynamics, biological and systemic risk factors. Simply using geometrical factors or in-
travascular flow features might give a first indication on risk of plaque, but the interplay
with biological and systemic risk factors should be taken into consideration.
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3Atheroprotective Nature of Helical
Flow

Based on: De Nisco G, Kok AM, Chiastra C, Gallo D, Hoogendoorn A, Migliavacca
F, Wentzel JJ, Morbiducci U. The Atheroprotective Nature of Helical Flow in Coronary
Arteries. Ann Biomed Eng. 2019;47(2)

ABSTRACT
Arterial hemodynamics is markedly characterized by the presence of helical flow pat-
terns. Previous observations suggest that arterial helical blood flow is of physiological
significance, and that its quantitative analysis holds promise for clinical applications. In
particular, it has been reported that distinguishable helical flow patterns are potentially
atheroprotective in the carotid bifurcation as they suppress flow disturbances. In this
context, there is a knowledge gap about the physiological significance of helical flow
in coronary arteries, a prominent site of atherosclerotic plaque formation. This study
aimed at the quantitative assessment of helical blood flow in coronary arteries, and to
investigate its possible associations with vascular geometry and with atherogenic wall
shear stress (WSS) phenotypes in a representative sample of 30 swine coronary arteries.
This study demonstrates that in coronary arteries: (1) the hemodynamics is character-
ized by counter-rotating bi-helical flow structures; (2) unfavorable conditions of WSS
are strongly and inversely associated with helicity intensity (r = -0.91; p < 0.001), sug-
gesting an atheroprotective role for helical flow in the coronary tree; (3) vascular torsion
dictates helical flow features (r = 0.64; p < 0.001). The findings of this work support
future studies on the role of helical flow in atherogenesis in coronary arteries.
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3.1 Introduction

Early observations (Frazin et al., 1990; Karino, 1986; Ku and Giddens, 1987; Sabbah
et al., 1984) using in vitro models suggested that arterial hemodynamics is markedly
characterized by the presence of helical flow patterns. These in vitro data were confirmed
in vivo using several different imaging modalities (as summarized in Table 3.1). As
an example, a recent study using Color Duplex scanning observed in a cohort of 42
healthy volunteers that: (1) helical flow was present in 90% of the cases in the common
carotid artery and the infrarenal aorta, and in 81% of the cases in the internal carotid
artery; (2) 97% of the subjects had more sites with helical flow (Stonebridge et al., 2016).
Furthermore, phase contrast magnetic resonance imaging (MRI) has allowed to highlight
that the aortic hemodynamics is markedly characterized by the presence of helical flow
patterns (Table 3.1). All those observations suggest that helical flow in arteries has a
physiological significance, and that its quantitative analysis holds promise for clinical
applications (Liu et al., 2015).

Table 3.1: In vivo observations of helical blood flow patterns in arteries, using several
imaging modalities

Arterial Segment Imaging Technique Reference
Aorta

Thoracic Aorta Color Doppler Ultrasound Frazin et al. (1990)
Thoracic Aorta 4D phase contrast MRI Kilner et al. (1993)
Thoracic Aorta 4D phase contrast MRI Bogren and Buonocore

(1994)
Thoracic Aorta 4D phase contrast MRI Bogren et al. (1997)
Thoracic Aorta 4D phase contrast MRI Houston et al. (2003)
Thoracic Aorta 4D phase contrast MRI Bogren et al. (2004)
Supra-renal Aorta MR Angiography Houston et al. (2004)
Thoracic Aorta 4D phase contrast MRI Markl et al. (2004)
Thoracic Aorta 4D phase contrast MRI Hope and Herfkens

(2008)
Thoracic Aorta 4D phase contrast MRI Morbiducci et al. (2009)
Ascending Aorta 4D phase contrast MRI Hope et al. (2011)
Thoracic Aorta 4D phase contrast MRI Morbiducci et al. (2011)
Thoracic Aorta 4D phase contrast MRI Bürk et al. (2012)
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Table 3.1 – continued from previous page
Arterial Segment Imaging Technique Reference
Thoracic Aorta 4D phase contrast MRI Frydrychowicz et al.

(2012)
Thoracic Aorta 4D phase contrast MRI Geiger et al. (2012)
Thoracic Aorta 4D phase contrast MRI Sigfridsson et al. (2012)
Ascending Aorta Doppler Ultrasound Hansen et al. (2016)
Infra-renal Aorta Color Duplex Scanning Stonebridge et al. (2016)
Thoracic Aorta 4D phase contrast MRI Arnold et al. (2017)
Thoracic Aorta 4D phase contrast MRI Garcia et al. (2017)

Carotid arteries
Carotid bifurcation Ultrasound Duplex Scan-

ning
Ku et al. (1985)

Internal Carotid artery 4D phase contrast MRI Bammer et al. (2007)
Internal Carotid artery 4D phase contrast MRI Wetzel et al. (2007)
Internal Carotid artery 4D phase contrast MRI Markl et al. (2010)
Common Carotid artery 4D phase contrast MRI Knobloch et al. (2013)
External Carotid artery 4D phase contrast MRI Knobloch et al. (2013)
Internal Carotid artery 4D phase contrast MRI Knobloch et al. (2013)
Internal Carotid artery 4D phase contrast MRI Meckel et al. (2013)
Common Carotid artery Color Duplex Scanning Stonebridge et al. (2016)
Internal Carotid artery Color Duplex Scanning Stonebridge et al. (2016)

Pulmonary arteries
Right Pulmonary artery 4D phase contrast MRI Bogren and Buonocore

(1994)
Right Pulmonary artery 4D phase contrast MRI François et al. (2012)
Main Pulmonary artery 4D phase contrast MRI Bächler et al. (2013)
Right Pulmonary artery 4D phase contrast MRI Bächler et al. (2013)
Main Pulmonary artery 4D phase contrast MRI Schäfer et al. (2017)
Right Pulmonary artery 4D phase contrast MRI Schäfer et al. (2017)
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Table 3.1 – continued from previous page
Arterial Segment Imaging Technique Reference

Femoral arteries
Femoral arteries Color Doppler Ultrasound Stonebridge et al. (1996)
Femoral arteries 4D phase contrast MRI Frydrychowicz et al.

(2007)
Femoral arteries Color Duplex Scanning Stonebridge et al. (2016)

Iliac arteries
Iliac arteries 4D phase contrast MRI Frydrychowicz et al.

(2007)

Intracranial arteries
Basilar artery 4D phase contrast MRI Bammer et al. (2007)

The acknowledgment of a beneficial nature to helical flow in arteries is consistent with
the fundamental role recognized for helicity in the organization/stabilization of both lam-
inar and turbulent flows by the fluid mechanics theory (Moffatt and Tsinober, 1992). In
this regard, the onset of helical blood flow has been explained in terms of energy ex-
penditure, i.e., distinguished helical blood flow patterns might be the consequence of
an optimization in physiological transport process in the cardiovascular system, assur-
ing an efficient perfusion as a result (Morbiducci et al., 2009, 2011). Furthermore, the
forward-directed rotational fluid motion might stabilize blood flow, thereby minimiz-
ing flow disturbances and thus surface exposure to low and oscillatory wall shear stress
(WSS), a condition which is known to influence endothelial function (Stonebridge et al.,
1996) creating a pro-atherogenic environment (Malek et al., 1999). This last considera-
tion motivated the investigation of the existence of a relationship between arterial helical
flow and low and oscillatory WSS. For that purpose, in recent years hemodynamic indi-
cators were introduced to enable the quantitative analysis of helical blood flow patterns
in arteries (Morbiducci et al., 2007). Findings in the human carotid bifurcation (Gallo
et al., 2015, 2012) and in the human aorta (Morbiducci et al., 2013) showed that a high
helical flow intensity suppresses flow disturbances, and thereby is potentially protective
for atherosclerotic plaque build-up. Moreover, numerical studies suggested that helical
flow influences transport and transfer of atherogenic particles to the vessel wall, ulti-
mately contributing to the distribution of atherosclerotic plaques at the luminal surface
(Liu et al., 2010, 2009).
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Until now, there is paucity of studies on the nature of helical blood flow patterns in
coronary arteries. In this study we (1) assess the quantitative amount of helical blood
flow, and (2) investigate if correlations exist among helical flow, vascular geometry and
descriptors of disturbed shear stress in a representative sample of swine-specific compu-
tational hemodynamic models of coronary arteries. The study aims at bridging the gap of
knowledge still existing on the atheroprotective nature of helical flow in coronary arteries
(Morbiducci et al., 2016).

3.2 Materials and Methods

3.2.1 Animal Population and Imaging

Ten adult familial hypercholesterolemia Bretoncelles Meishan mini-pigs with a low-
density lipoprotein receptor mutation were fed a high fat diet. For each animal model,
the right (RCA), the left anterior descending (LAD), and the left circumflex (LCX) coro-
nary artery were imaged at baseline using computed coronary tomography angiography
(CCTA) and intravascular ultrasound (IVUS), as described in chapter 6. In each artery,
blood flow velocity was measured at several locations with the ComboWire (Volcano
Corp., Rancho Cardova, CA, USA).

Ethical approval was obtained to perform the pig study (EMC nr. 109-14-10) and the
study was performed according to the National Institute of Health guide for the Care and
Use of Laboratory animals.

3.2.2 Geometry Reconstruction

The scheme applied for coronary arteries models reconstruction is summarized in Fig-
ure 3.1. Technical details are presented in chapter 5. In short, IVUS images were seg-
mented into lumen contours and stacked upon the 3D CCTA centerline. Additional lu-
minal regions proximal to the IVUS segment up to the aorta and at least two diameters
distal to the IVUS-based models were segmented using the CCTA images (Schaap et al.,
2009).

3.2.3 Morphometric Descriptors

The vessel centerlines were extracted as the geometrical locus of the centers of the max-
imum inscribed spheres in the model, as given by the Vascular Modelling Toolkit soft-
ware (VMTK, Orobix, Bergamo, Italy). Free-knots regression splines were then adopted
(Sangalli et al., 2009) as a basis of representation for a vessel centerline to provide a
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IVUS

CT

3D contour positioning

3D reconstruction

Imaging

CT

IVUS

CT centerline

Figure 3.1: Scheme applied for swine coronary artery geometries reconstruction for
CT and IVUS images.
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continuous, noise free analytical formulation C with continuous derivatives. By differ-
entiation of the free-knots regression, spline centerline representation C, curvature and
torsion were calculated. To measure the rate of change in the tangent vector orientation
along the curve the local curvature κ was determined. Local curvature κ is defined as
the reciprocal of the radius of the circle lying on the osculating plane (identified by the
normal and tangent vectors to the curve at that point (Equation 3.1). Local torsion τ mea-
sures the deviation of curve C from the osculating plane (Equation 3.2). Technically, the
curvature κ and torsion τ of a centerline curve C along the curvilinear abscissa s were
defined as:

κ(s) =
|C′(s) × C′′(s)|

C′3
(3.1)

τ(s) =
|C′(s) × C′′(s)| · C′′′(s)
|C′(s) × C′′(s)|2

(3.2)

where C′(s), C′′(s) and C′′′(s) are the first, second and third derivative of curve C, re-
spectively. In this study, the average values of curvature (κ̄) and torsion (τ̄) along the
vessel were considered, due to the known influence on arterial hemodynamics (Alastruey
et al., 2012).

3.2.4 Computational Hemodynamics

The governing equations of fluid motion, the Navier-Stokes equations, were numerically
solved in their discrete form by applying the finite volume method. The adopted dis-
cretization schemes are detailed in chapter 5. Blood was assumed as an incompressible,
homogeneous fluid with density ρ equal to 1060 kg/m3, and its non-Newtonian behav-
ior was modeled assuming it as a Carreau fluid (Chiastra et al., 2017; Vorobtsova et al.,
2016). Arterial walls were assumed to be rigid with no-slip condition. The derivation
of boundary conditions from in vivo Doppler velocity measurements adopted here rep-
resents an accurate method to obtain personalized coronary artery computational models
(Siebes et al., 2004). Technically, in each artery the instantaneous maximum blood flow
velocity was measured at several locations upstream and downstream of each side branch
with the ComboWire. At each measurement site, maximum velocity data were used to
estimate the flow rate as proposed elsewhere (Ponzini et al., 2006). As condition at the
inflow boundary, the most proximal measurement-based flow rate value was prescribed
in terms of time-dependent flat velocity profile. At each side branch a flow ratio was
applied as outflow boundary, based on difference between upstream and downstream
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velocity-based flow rate measurements. In those vessel segments where velocity mea-
surements were inaccurate or not available, the Huo-Kassab diameter-based scaling law
(Huo and Kassab, 2012) was used to estimate the flow ratio to be prescribed.

3.2.5 Hemodynamic Descriptors

Helical flow in the 30 coronary artery models was characterized in terms of strength, size
and relative rotational direction by applying different helicity-based descriptors, listed in
Table 3.2. In detail, cycle-average helicity (h1) and helicity intensity (h2), signed (h3) and
unsigned helical rotation balance (h4) were calculated as reported elsewhere (Gallo et al.,
2012). Average helicity descriptors h1 and h2 indicate the net amount and the intensity
of helical flow, respectively, while the helical rotation balance descriptors measure the
prevalence (identified by the sign of descriptor h3) or only the strength (h4) of relative
rotations of helical flow structures.

Table 3.2: Definition of helicity-based intravascular hemodynamic descriptors.

Average Helicity (h1) h1 =
1

TV

∫
T

∫
V v · ω dV dt

Average Helicity intensity (h2) h1 =
1

TV

∫
T

∫
V |v · ω| dV dt

Signed balance of counter-rotating
helical flow structures (h3)

h3 =
h1

h2
−1 ≤ h3 ≤ 1

Unsigned balance of counter-rotating
helical flow structures (h4)

h4 =
|h1|

h2
0 ≤ h4 ≤ 1

* v is the velocity vector; ω is the vorticity vector; T is the period of the cardiac cycle; V is the arterial
volume.

The luminal distribution of three ‘established’ WSS-based descriptors, namely time-
averaged wall shear stress (TAWSS), oscillatory shear index (OSI) (Ku et al., 1985), and
relative residence time (RRT) (Himburg et al., 2004) was computed (Appendix A). Two
‘emerging’ descriptors of WSS multidirectionality were also considered. The first is the
transversal WSS (transWSS) (Peiffer et al., 2013b), defined as the average WSS compo-
nent acting orthogonal to the time-averaged WSS vector direction, and the second is its
normalized version, the Cross Flow Index (CFI) (Mohamied et al., 2017) (Appendix A).
As in previous studies, (Gallo et al., 2012, 2016), data from all simulations were pooled
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to define objective thresholds for ‘disturbed shear stress’. From combined data, the lower
tertile (i.e., the 33th percentile) for TAWSS, and the upper tertile (i.e., the 66th percentile)
for OSI, RRT, transWSS, and CFI were identified. For each model, the percentage of
surface area (SA) exposed to OSI, RRT, transWSS, and CFI values belonging to the up-
per (TAWSS lower) tertile was quantified. These areas were denoted as OSI66, RRT66,
transWSS66, CFI66, and TAWSS33, respectively. Intravascular flow was investigated in
terms of helical flow amount and topology.

The quantitative analysis, based on the hemodynamic descriptors in Table 3.2 and (Ap-
pendix A), was substantiated by visualizations of near-wall and intravascular quantities.
The normalized internal product between local velocity and vorticity vectors Table 3.3,
labeled as local normalized helicity (LNH), (Morbiducci et al., 2007) was used to vi-
sualize helical blood flow inside the coronary segments. The LNH allows to visualize
left- and right-handed fluid structures in arteries (Gallo et al., 2012; Morbiducci et al.,
2013) and isosurfaces of cycle average LNH values were used throughout the manuscript.
Moreover, two more descriptors visualizing WSS multidirectionality were evaluated con-
sidering the cycle-average values of the projections of WSS vector respectively along (1)
the ‘axial direction’ (WSSax), identified as the direction of the tangent to the vessel’s
centerline, and (2) the secondary direction (WSSsc), orthogonal to the axial direction and
related to secondary flow Table 3.3 (Morbiducci et al., 2015).

Table 3.3: Definition of local normalized helicity (LNH), and of the projections of WSS
vector respectively along (1) the ‘axial direction’ WSSax, identified as the direction of
the tangent to the vessel’s centerline, and (2) the secondary direction WSSsc, orthogonal
to the axial direction and related to secondary flow.

Local Normalized Helicity (LNH) LNH =
v · ω
|v| · |ω|

= cos γ

Axial WSS (WSSax) WSSax =
WSS · C′

|C′|
C′

|C′|

Secondary WSS (WSSsc) WSSsc =
WSS · S
|S|

S
|S|

; S =
C′ × R
|C′||R|

* LNH,WSSax, and WSSsc are used here for visualization purposes. v is the velocity vector; ω is the vorticity
vector; γ is the angle between the velocity and vorticity; WSS is the WSS vector; C′ is the vector tangent
to the centerline curve C at curvilinear abscissas; R is the vector directed from the generic point at the
arterial surface, lying on the vessel’s cross section identified by C′ at curvilinear abscissa s, and the point of
application of C′.
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3.2.6 Statistical analysis

Bivariate correlations among WSS-based, helicity-based and geometric descriptors were
determined in Matlab environment (The MathWorks Inc., USA) by using Spearman rank
ordering. Regression analysis was used to identify relationships between each pair of
descriptors and reported as Spearman correlation coefficients. Significance was assumed
for p<0.05.

3.3 Results

The 30 reconstructed luminal surfaces of the coronary arteries (10 RCA, 10 LAD, and 10
LCX) are presented in Figure 3.2. Computational hemodynamics was performed on all
models including the side branches. However, data analysis was performed in the main
branch of the RCA, LAD and LCX segments only. To do that, in the post-processing step
side branches were removed using the open-source Vascular Modeling Toolkit (VMTK,
http://www.vmtk.org/).

A B C D E F G H I J

LAD

LCX

RCA

Figure 3.2: Geometry of the 30 swine coronary artery models. Labels from A to J
identify the single swine model. For each swine, LAD, LCX and RCA geometries were
reconstructed.

Helical blood flow patterns were visualized using the isosurface of cycle-average LNH,
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with blue and red colors indicating left-handed and right-handed helical flow rotation,
respectively Figure 3.3. Notably, all 30 coronary artery models presented two distin-
guishable counter-rotating helical flow structures. It can be also appreciated that: (1) in
most of the cases, counter-rotating cycle-average helical flow structures are distributed
all along the length of the artery; (2) despite inter-individual variations, no marked dif-
ferences among the coronary artery types is present.

A B C D E F G H I J

LAD

LCX

RCA

LNH
0.2
-0.2

Figure 3.3: Intravascular fluid structures in the 30 coronary arteries. For each case,
isosurfaces of cycle-average LNH (LNH= ± 0.2) are presented. Distinguishable left-
handed (LNH<0) and right-handed (LNH>0) helical flow structures can be observed
in all coronary arteries. Labels from A to J identify the single swine model. For each
swine, LAD, LCX and RCA geometries were reconstructed.

Figure 3.4 shows for 3 different types of coronary arteries from animal model C (see
Figure 3.2) the visualizations of the LNH cycle-average isosurfaces, and the maps of the
cycle-average secondary (WSSsc) and axial (WSSax) WSS vector projections. As for
LNH, also for the WSSsc blue and red colors identify the left and right-handed direction,
respectively. For WSSax the blue and red colors identify the backward and forward flow
direction, respectively. Interestingly for the LAD and RCA there was a clear match be-
tween LNH and WSSsc direction of rotation, however for the LCX this was less evident.
Furthermore, Figure 3.4 shows that WSSax is mainly positive, meaning that the WSS
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vector is predominantly aligned with the forward flow direction. The results presented in
Figure 3.5 suggests that the bi-helical arrangement of intravascular blood flow delineates
the near-wall hemodynamics of coronary arteries.

LNH
0.2
-0.2

WSSsc

WSSax

0.5
0
-0.5

2
0
-2

LAD LCX RCA

Figure 3.4: Visualization of LNH cycle-average isosurfaces, and of maps of cycle-
average secondary (WSSsc) and axial (WSSax) WSS vector projections for the three
different types of coronary arteries (LAD, LCX, RCA) from the representative animal
model C (see Figure 3.2). As for LNH, also for the WSSsc blue and red colors identify
the left and right-handed direction, respectively. For WSSax the red and blue colors
identify the forward and backward flow direction, respectively.
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A B C D E F G H I J

LAD

LCX

RCA

A B C D E F G H I J

LAD

LCX

RCA

sc

WSSax

0.5
0
-0.5

2
0
-2

WSS

Figure 3.5: Maps of cycle-average secondary (WSSsc) and axial (WSSax) WSS vector
projections for the 30 coronary arteries. WSSsc blue and red colors identify the left
and right-handed direction, respectively. For WSSax the red and blue colors identify
the forward and backward flow direction, respectively.
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Figure 3.6: WSS-based descriptors distribution at the luminal surface of the three
different types of coronary arteries (LAD, LCX, RCA) from the representative ani-
mal model C (Figure 3.2). Red color highlights those areas exposed to low TAWSS,
and high OSI, RRT, transWSS and CFI. The very low values of OSI, transWSS and
CFI at the luminal surface suggest that WSS is scarcely multidirectional.
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To complete the intra-individual analysis of representative animal model C, also the lu-
minal distribution of the other computed WSS-based descriptors were presented in Fig-
ure 3.6. Notably, OSI, transWSS and CFI values at the luminal surface were low, sug-
gesting that WSS is scarcely multidirectional in the three different types of coronary
arteries of animal C. Figure 3.6 highlights that the location of the low WSS regions in the
coronary arteries was more focal in the LAD and RCA, but less in the LCX. Moreover,
TAWSS and RRT showed a similar distribution, independent of coronary artery type,
which was also the case for CFI and transWSS.

Table 3.4: Correlation coefficients for percentage luminal surface areas expose to dis-
turbed shear and helicity-based descriptors and for hemodynamic descriptors vs. geom-
etry (average curvature(κ) and torsion(τ)).

h1 h2 h3 h4

%T AWSS33 -0.48† -0.91‡ -0.05 -0.01
%OSI66 -0.50† -0.58‡ -0.39∗ 0.32
%RRT66 -0.49∗ -0.90‡ -0.02 -0.01
%t ransWSS66 0.49† 0.86‡ 0.13 0.13
%CFI66 0.47† 0.51† 0.34 0.30
κ̄ -0.12 -0.22 -0.01 0.11
τ̄ -0.49† 0.09 0.64‡ 0.39∗

* Statistically significant values are in bold. ∗Pvalue < 0.05; †Pvalue < 0.01; ‡Pvalue < 0.001.

Table 3.5: Correlation coefficients for luminal surface area-averaged values of WSS-
based descriptors and helicity-based descriptors.

h1 h2 h3 h4

T AWSS 0.54† 0.92‡ 0.12 0.05
OSI 0.52† 0.57† 0.38† 0.31
RRT -0.53† -0.90‡ -0.12 -0.07
t ransWSS 0.52† 0.86‡ 0.14 0.17
CFI 0.51† 0.54‡ 0.36 0.32

* Statistically significant values are in bold. ∗Pvalue < 0.05; †Pvalue < 0.01; ‡Pvalue < 0.001
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A B C D E F G H I J

LAD

LCX

RCA

Figure 3.7: Surface areas of the 30 swine coronary artery models exposed to
TAWSS33. Labels from A to J identify the single swine model. For each swine, LAD,
LCX and RCA geometries were reconstructed. Contour levels for TAWSS33 corre-
spond to lowest tertile value of TAWSS distribution on the combined surface of all
models.
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Figure 3.8: Surface areas of the 30 swine coronary artery models exposed to OSI66 (top-left panel), RRT66 (right-
left panel), transWSS66 (bottom-left panel) and CFI66 (bottom-right panel). Labels from A to J identify the single
swine model. For each swine, LAD, LCX and RCA geometries were reconstructed. Contour levels for OSI66,
RRT66, transWSS66, and CFI6 correspond to highest tertile value of OSI, RRT, transWSS, and CFI, distribution on
the combined surface of all models, respectively.59
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The visualization of SAs exposed to low WSS (TAWSS33) highlights wide inter-individual
variations (Figure 3.7). In some cases the luminal surface is largely exposed to low WSS
(e.g., case J-LDA, case G-LCX, case E-RCA) whereas other arteries are hardly exposed
(e.g., case I-LDA, case H-RCA). The distribution of SAs exposed to OSI66, RRT66, tran-
sWSS66, CFI66 for all the 30 coronary artery models is presented in Figure 3.8.

The correlation coefficients between each possible couple of disturbed shear stress and
geometry descriptors are summarized in Table 3-6. The WSS-based percentage SAs
(exposed to) were significantly correlated to each other, with the sole exception of OSI66
and RRT66.

Table 3.6: Correlation coefficients between each possible couple of disturbed shear stress
parameters (% surface area exposed) and geometry (average curvature and torsion) de-
scriptors.

%OSI66 %RRT66 %transWSS66 %CFI66 κ τ

%TAWSS66 −0.37∗ 1.00‡ −0.84∗ −0.39∗ 0.12 0.12
%OSI66 0.34 0.59‡ 0.81‡ -0.28 0.18

%RRT66 −0.83‡ −0.37∗ 0.13 0.14
%transWSS66 0.74‡ −0.37∗ -0.5

%CFI66 −0.49∗ 0.13
κ 0.13

* Statistically significant values are in bold. ∗Pvalue < 0.05; †Pvalue < 0.01; ‡Pvalue < 0.001.

In this study, RRT66 was considered to be equivalent to TAWSS33. This consideration
was based on the strong association that emerged between RRT66 and TAWSS33 (Ta-
ble 3.6), suggesting that RRT was markedly biased by TAWSS. The definition of RRT as
a combination of OSI and TAWSS (Appendix A), and the very low OSI values character-
izing the investigated coronary arteries (Figure 3.8), support the observation that RRT66
is a replica of TAWSS33, in the coronary arteries investigated.

As a consequence of the low transWSS values characterizing the hemodynamics of the
investigated coronary arteries, and by construction, a significant association emerged be-
tween transWSS66 and CFI66 (r=0.74, p<0.001). Interestingly, also a significant associ-
ation was observed for OSI66 with transWSS66 (r=0.59, p<0.001) and CFI66 (r=-0.81,
p<0.001).

Furthermore our data showed that larger SAs exposed to low WSS corresponded to
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smaller SAs exposed to multidirectional WSS, as confirmed by the moderate negative as-
sociations of TAWSS33 with OSI66 (r=-0.37, p<0.05), transWSS66 (r=-0.84, p<0.05),
and CFI66 (r=-0.39, p<0.05).

Low and oscillatory WSS areas were neither correlated to curvature nor torsion of the
artery (Table 3.6. Since transWSS66 (r=-0.37, p<0.05) and CFI66 (r=-0.49, p<0.05)
were negatively associated with curvature, our data suggest that curvature in coronary
arteries serves to suppress WSS multi-directionality.

Regression analysis revealed significant associations between helicity-based vs. WSS-
based descriptors (Table 3.4). Notably, h2 was strongly and negatively associated with
TAWSS33 (r=-0.91, p<0.001), indicating that the higher the h2 is, the lower the SA of an
individual coronary artery exposed to low WSS.

In contrast, positive regression coefficients were found for the significant associations
of h2with OSI66, CFI66 and transWSS66 (Table 3.4). For clarity, it must be reported
here that the threshold values (66th percentile) identified for OSI (0.002), CFI (0.066)
and transWSS (0.039 Pa) are very low in the 30 coronary arteries investigated, suggest-
ing that WSS multidirectionality is not a feature marking out their local hemodynamics
(Figure 3.8 and Table 3.5).

Associations similar to h2, although weaker, were observed for h1 (Table 3.6). An ex-
planation for this is that overall there is a preferential, even if moderate, cycle-average
direction of rotation in the observed bi-helical blood flow patterns establishing in the 30
coronary arteries, as confirmed by the positive sign of average h3 value and by average
h4 value (h4 = 0.112).

Regarding geometric attributes, Table 3.4 also shows that neither h1 nor h2 were asso-
ciated with curvature. Torsion was found to be positively correlated with helicity h1
(r=0.49, p<0.01), with signed (h3) helical rotation balance (r=0.64, p<0.001), and more
weakly with its unsigned (h4) version (r=0.49, p<0.05), suggesting an important role of
vascular torsion in promoting helical flow in coronary arteries.

The nature of the association of h2 with WSS and geometry can be better appreciated in
scatter plots reported in Figure 3-10. It emerges that: (1) a non-linear decreasing trend
relates h2 with TAWSS33 (and RRT66 as well), i.e., the percentage SA exposed to low
WSS; (2) an almost (positive) linear trend describes the observed association of h2 with
transWSS66; (3) trends in the observed associations are not specific for the different types
of coronary arteries.

The observed associations between helicity-based descriptors and percentage of luminal
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Figure 3.9: Scatter plots of helicity intensity h2 vs. WSS-based descriptors, and aver-
age curvature and values. Red color indicate case C (Figure 3.2), used as representa-
tive example in Figure 3.6 and Figure 3.7.
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SAs that, based on thresholds, are subjected to more ‘disturbed shear stress’ (Table 3.4),
are confirmed when considering luminal surface area-averaged values of the WSS-based
descriptors (Table 3.5).

3.4 Discussion

In the last decade quantitative approaches have started to be massively applied to in-
vestigate the physiological significance of arterial helical flow. However, despite the
qualitatively description of a relationship between helical flow and atheroma formation
in coronary arteries, (Sabbah et al., 1984) only recently a patient-specific computational
study on a small dataset (N=3) has suggested a link between helical flow and WSS in
human coronary artery segments (Vorobtsova et al., 2016).

Here the existence of correlations among helical flow, vascular geometry and disturbed
shear stress was explored in a representative dataset of 30 swine-specific models of coro-
nary arteries. Among the main findings, it is reported for the first time that distinguishable
counter-rotating helical flow patterns were present in all the models under investigation.
This suggests that helical flow arrangement is a feature characterizing physiological in-
travascular hemodynamics in coronary arteries (Figure 3.3). Such arrangement in helical
structures characterized by high helicity intensity (h2) stabilizes blood flow imparting low
WSS multidirectionality and minimizing the luminal surface exposed to low WSS, thus
indicating that helical flow is instrumental in suppressing flow disturbances in coronary
arteries. More in detail, since the rotating direction of helical flow patterns dictates the
luminal distribution of WSSsc (Figure 3.5), it emerges that bi-helical flow patterns could
influence endothelial shear stress orientation, in coronary arteries. A preferential direc-
tion of rotation of the bi-helical flow structures is promoted by vascular torsion, while
vascular curvature moderately suppresses an already scarcely multidirectional WSS (Ta-
ble 3.6). In fact, very low values of OSI, transWSS and CFI were found (Figure 3.8 and
Table 3.5), suggesting a predominant role of low WSS as hemodynamic determinant of
plaque formation in coronary arteries. Previous findings support the role of low WSS
in promoting endothelial dysfunction, (Chatzizisis et al., 2008; Siasos et al., 2018; Stone
et al., 2012; Wentzel et al., 2012) although the influence of multidirectional shear stresses
on endothelial function needs to be investigated more in-depth.

In recent years, computational hemodynamics has made a remarkable contribution to
highlight the physiological significance of helical blood flow naturally streaming in ar-
teries. In particular, an in silico study on a dataset of 50 models of human carotid bi-
furcations showed that high helicity intensity is instrumental in suppressing flow distur-
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bances, and thereby is potentially atheroprotective (Gallo et al., 2012). These findings
were supported by the observation that helical flow production in the common carotid
artery, reinforcing helicity in the carotid bifurcation, provides further contribution to re-
duce the likelihood of flow disturbances (Gallo et al., 2015). Similar findings have been
reported using computational fluid dynamics in the healthy aorta, suggesting a key role
for helical blood flow in (1) reducing luminal areas exposed to low and oscillatory shear
stress,(Morbiducci et al., 2013) and (2) influencing near-wall transfer of atherogenic
particles and oxygen (Liu et al., 2010, 2009). Moreover, computational hemodynam-
ics findings showed that helical blood flow could be posture-dependent (Aristokleous
et al., 2015). Parallel to basic studies on its physiological significance, the analysis of
helical blood flow has been increasingly adopted to better understand how cardiovascu-
lar diseases, (Condemi et al., 2017; Pirola et al., 2018; Schäfer et al., 2017) or ageing,
(Frydrychowicz et al., 2012) alter the arterial flow physics.

Several limitations could weaken the findings of this study. Among them, the assump-
tion of rigid vascular wall might have affected TAWSS estimation. However, studies
applying fluid-structure interaction approaches reported that TAWSS spatial distribution
is preserved using rigid walls (Malvè et al., 2012). Moreover, the cardiac-induced mo-
tion of coronary arteries was neglected. This idealization was based on previous findings
demonstrating that myocardial motion has a minor effect on coronary flow and WSS dis-
tribution with respect to the blood pressure pulse (Theodorakakos et al., 2008; Zeng et al.,
2003). Moreover, it can markedly affect instantaneous WSS and OSI wall distribution,
with minor effects on TAWSS (Torii et al., 2010). Therefore, it is expected to have mi-
nor impact on the here reported observations (Morbiducci et al., 2013). The relatively
modest number (N=30) of coronary artery models investigated could limit the generality
of the study. However, the existence of hemodynamic features which are common to all
coronary arteries here clearly emerges as the presence of distinguishable helical blood
flow patterns, and low WSS multidirectionality. Finally, here swine, not human models,
have been used to characterize helical flow in coronary hemodynamics and to investigate
whether a causal relationship between helical flow and shear stress exists. However, the
close similarity between the human and pig coronary anatomy, in addition to the wide
adoption of swine model in studies of coronary disease over the past decades, (Winkel
et al., 2015) support the translation of the findings of this study to human coronary arter-
ies. Moreover, helical flow features similar to the ones observed here were reported in a
small number of image-based computational hemodynamic models of human coronary
arteries, (Vorobtsova et al., 2016) confirming that swine models are representative of the
human coronary circulation.
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The findings of this study support the future exploration of the links between the ob-
served helical distribution of fatty and fibrous plaques in coronary artery segments and
the hemodynamic factors involved in the local onset and progression of atherosclerosis in
the coronary tree. In this sense, the present findings will contribute to answer to the still
open questions raised since 60s (Fox et al., 1982; Fox and Seed, 1981; Nakashima et al.,
1964; Nakashima and Tashiro, 1968; Sabbah et al., 1984), regarding the observation of
irregular spiral distributions of sclerotic bands in coronary arteries.

In conclusion, this study demonstrates that hemodynamics of coronary arteries is char-
acterized by distinguishable and counter-rotating bi-helical flow structures, whose topo-
logical features are associated with geometry (in terms of average torsion of the vessel).
Remarkably, it emerges that unfavorable conditions of low wall shear stress are strongly
and inversely associated with helicity intensity, as already observed in other arterial dis-
tricts (Gallo et al., 2012).
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4Multidirectional Shear Stress in
Human Coronary Arteries

Based on: Kok AM, Molony DS, Timmins LH, Ko Y, Boersma H, Eshtehardi P, Wentzel
JJ1, Samady H.1. The Influence of Multidirectional Shear Stress on Plaque Progression
and Composition Changes in Human Coronary Arteries. Eurointervention (Accepted
2019).

ABSTRACT
Local wall shear stress (WSS) plays an important role in the onset of atherosclerotic
plaque formation, however it does not fully explain plaque progression and destabiliza-
tion. We are the first to investigate the influence of multidirectional WSS features on
plaque progression and plaque composition changes in human coronary arteries. Coro-
nary artery imaging using biplane angiography and virtual-histology intravascular ultra-
sound (VH-IVUS) was performed in twenty patients with coronary artery disease at base-
line and after six-month follow-up. 3D surfaces of the coronary arteries were generated
using the coronary imaging and together with patient-specific flow measurements dif-
ferent WSS features (multidirectional and conventional time-averaged WSS (TAWSS))
were determined at baseline using computational fluid dynamics (CFD). The changes
in plaque component area over the six-month period were determined from VH-IVUS.
Changes in plaque composition rather than plaque size were primarily associated with
the (multidirectional) WSS at baseline. Interestingly, regions simultaneously exposed
to low TAWSS and low multidirectional WSS showed the greatest plaque progression
(p<0.001). In this patient study, several multidirectional WSS features were found to
significantly contribute to coronary plaque progression and changes in plaque composi-
tion.

1Authors contributed equally
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CHAPTER 4. MULTIDIRECTIONAL SHEAR STRESS IN HUMAN
CORONARY ARTERIES

4.1 Introduction

Atherosclerotic plaques develop in regions exposed to low and oscillatory blood flow in-
duced wall shear stress (WSS) (Pedersen et al., 1999) (Stone et al., 2003). Low WSS
creates a pro-atherogenic environment and is therefore involved in plaque initiation by
stimulating the endothelial expression of pro-inflammatory genes and proteins (Zhou
et al., 2014). Furthermore, WSS is recognized for its role in plaque growth and changes
in plaque composition towards a high-risk vulnerable plaque (Chatzizisis et al., 2011;
Samady et al., 2011; Vergallo et al., 2014).

However, the magnitude of WSS is insufficient to fully predict plaque growth or plaque
compositional changes (Stone et al., 2012). Multidirectional WSS is a measure for
change in the direction of the shear stress during the cardiac cycle. Therefore, Peiffer
et al. suggested that multidirectional WSS may be also important in lesion development
(Peiffer et al., 2013b). From the biological point of view, multidirectional WSS affects
the endothelial cell morphology and function. Upon exposure to laminar flow, the en-
dothelial cells align with the favorable main flow/WSS direction, which is related to the
induction of atheroprotective signaling pathways. In contrast, multidirectional WSS can
cause cell inability to align, which in turn is associated with induction of inflammatory
pathways (Baeyens et al., 2014; Wang et al., 2013).

Transverse WSS (transWSS), a new multidirectional WSS metric, may be important in
atherosclerosis development. TransWSS is the WSS magnitude perpendicular to the main
flow direction (Peiffer et al., 2013b). Regions with high transWSS co-localized with lipid
deposition in rabbits (Peiffer et al., 2013b), but its effect on plaque progression and plaque
composition changes is unknown. The same holds for the normalized transWSS: cross-
flow index (CFI) (Mohamied et al., 2017) and other well-known multidirectional WSS
metrics: oscillatory shear index (OSI) and relative residence time (RRT) (Himburg et al.,
2004).

To the best of our knowledge this is the first study to investigate the clinical relevance of
transWSS and other multidirectional WSS metrics on progression and destabilization of
atherosclerosis in human coronary arteries in a longitudinal study.
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4.2 Methods

4.2.1 Subjects

From December 2007 to January 2009, twenty patients presented to the catheterization
laboratory at Emory University Hospital with either an abnormal noninvasive stress test
or stable angina syndrome. An invasive physiological evaluation of a non-obstructive le-
sion was performed. All patients received optimal medical therapy including 80 mg ator-
vastatin daily. The inclusion and exclusion criteria were previously described (Samady
et al., 2011). After six months, a repeat catheterization was performed to assess changes
in plaque morphology. In each patient the most proximal part of the left anterior descend-
ing (LAD) artery was investigated. The study complied with the Declaration of Helsinki
and was approved by the Emory University Institutional Review Board. Each patient
provided written informed consent.

4.2.2 Imaging acquisition & Reconstruction

The left coronary arteries were visualized using biplane angiography (Philips Medical
Systems, Andover, USA). From these images, back projection image analysis (Qangio
XA 3D RE, Medis, Leiden, NL) was used to determine the catheter path. Doppler de-
rived velocity measurements were performed in the left main coronary artery using the
ComboWire (Volcano, Corporation, Rancho Cordova, USA). To obtain detailed lumen
and vessel wall composition information, virtual-histology intravascular imaging (VH-
IVUS) was performed using an Eagle Eye Gold Catheter (phased-array 20 MHz Eagle
Eye® Gold Catheter, Volcano Corp., Rancho Cordova, USA), see Figure 4.1. The pull-
back speed was 0.5 mm·s-1, ECG-gating was performed at the peak of the r-wave. The
VH-IVUS pullback length was at least 60 mm and contained at least two side branches,
which were later used as landmarks for the 3D geometry reconstruction. In some cases
a shorter region was imaged and in several cases 3D reconstruction of the full 60 mm
was not possible due to severe vessel overlapping in the angiography images. Based on
fusion information from the different imaging modalities,the left coronary artery was 3D
reconstructed including the left main coronary artery and major side branches (Timmins
et al., 2017).

4.2.3 Computational fluid dynamics and analysis

Computational fluid dynamics (CFD) was applied to perform transient WSS calculations
(Fluent, Ansys 15, Ansys, Inc., Canonsburg) in this 3D reconstruction (Figure 4.1) (Tim-
mins et al., 2015). As flow input 80% of the instantaneous peak velocity measured by the
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Figure 4.1: Schematic overview of the methods. Imaging: Biplane angiography,
Doppler-derived velocity measurements and virtual-histology intravascular ultra-
sound (VH-IVUS). Surface reconstuction: The lumen surface 3D-reconstruction was
obtained by stacking the VH-IVUS based lumen contours perpendicular to the biplane
angiography derived 3D centerline. Velocity field: from the local velocities the multi-
directional WSS metrics (time-averaged wall shear stress (TAWSS), oscillatory shear
index (OSI), relative residence time (RRT), cross-flow index (CFI) and transverse wall
shear stress (transWSS)) were determined using computational fluid dynamics.
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Figure 4.2: A schematic overview of three different situation of different shear stress
patterns. The blue arrow indicates the average shear stress (~τmean). In each pattern
the time-averaged wall shear stress (TAWSS) is 2 Pa and is therefore constant. In each
pattern the oscillatory shear index (OSI), relative residence time (RRT), cross-flow
index (CFI) and transverse wall shear stress (transWSS) are calculated.

ComboWire was chosen arbitrarily, as a rounded midpoint between 50% and 100%. The
flow was imposed as a plug profile at the inlet to represent the aorta plug-like velocity.
All the other outlets were assumed to be pressure-free. In addition to the time-averaged
WSS (TAWSS), also the oscillatory shear index (OSI), relative residence time (RRT), and
transverse WSS (transWSS) and cross-flow index (CFI) were calculated (see Appendix
A). The differences in these parameters are depicted in Figure 4.2.

The acquired VH-IVUS images were exported from the VH-analysis software (echoPlaque
4.0) and imported into a custom Matlab subroutine to determine the composition and
plaque area. The RGB pixel values, which are distinct across the 4 VH-IVUS identified
plaque components (fibrous tissue (FT), fibro-fatty tissue (FF), necrotic core (NC), and
dense calcium (DC)), were identified per cross-section.

The registration of baseline and follow-up IVUS was performed by a single expert in-
vestigator (PE), who used a standardized protocol to identify landmarks (side branches
and large calcific regions) (Mintz et al., 2011). Furthermore, the spacing between the
IVUS images is nearly equivalent (0.5 mm) which made matching between baseline and
follow-up images even more straightforward. The circumferential co-registration be-
tween baseline and follow-up was done with an automated framework which yielded
excellent results (Timmins et al., 2013). The multi-directional shear stress metrics and
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Baseline Follow-up
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Figure 4.3: Schematic representation of data analysis. Left: virtual-histology in-
travascular ultrasound image at baseline and a matched image at follow-up. The
white lines indicate the cross-sectional averaging in 8 sectors (45°). Right: 3-mm
longitudinal averaging of the 8 sectors leads to regions used in the final analysis.

plaque changes over time were quantified over 45° 3-mm regions (Figure 4.3) for further
analysis (Timmins et al., 2017; Stone et al., 2012).

4.2.4 Statistics

Based on previous studies, the TAWSS data were divided into three groups: low (0-1
Pa), intermediate (1-2.5 Pa), and high (>2.5 Pa)(Samady et al., 2011). Thresholds for
pathological levels of transWSS or CFI have never been explored in human coronary
arteries. Therefore, we divided these metrics into 3 equally distributed groups (tertiles),
this was also done for the RRT and OSI. A linear mixed-effects (LME) model was used to
investigate the association between the WSS metric(s) (fixed effect) and plaque composi-
tion (dependent variable). The correlations between multiple plaque composition values
are accounted for by using subject-specific random intercepts that allows for varying
intercepts for each patient. In addition to fitting separate models for individual (multi-
directional) shear stress features (TAWSS, OSI, RRT, TransWSS, CFI), we included the
following covariates in the LME model: TAWSS, CFI and their interaction (to test for
synergetic effects). The statistical analysis was performed in R (version 3.3.2, Vienna,
Austria) using the LME4 package. P<0.05 was considered significant.
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4.3 Results

4.3.1 General data

Baseline characteristics of the twenty patients was described before (Table 4.1). 1846
VH-IVUS images were analyzed with 107 (62.5–123) images per artery. From these
images, 316 3-mm segments (18 (11–21) segments per artery) containing 2488 regions
(141 (86.5–165) regions per artery) were used for final analysis. The average values for
the low, intermediate, and high categories of the different WSS parameters is presented
in Table 4.2.

4.3.2 Conventional shear stress metric: TAWSS

Plaque area progression and composition changes were greatly influenced by exposure to
baseline TAWSS. A significant inverse association between TAWSS and plaque progres-
sion (p=0.006) was observed, showing more plaque regression going from low TAWSS
(-0.002±0.020 mm2) towards intermediate (-0.027 mm2±0.018 mm2) and high (-0.042
mm2±0.018 mm2) TAWSS (Figure 4.4). The other plaque constituents followed a sim-
ilar significant decreasing pattern with increasing TAWSS. Significant differences were
found between the low and high TAWSS groups of all the components except for FF
tissue and NC.
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Figure 4.4: Plaque area and composition changes over a six-month period for plaques
exposed to low, intermediate and high time-averaged wall shear stress (TAWSS). Error
bars are the standard error. p<0.05: low versus intermediate (*), intermediate versus
high (#) and low versus high (†).

73



CHAPTER 4. MULTIDIRECTIONAL SHEAR STRESS IN HUMAN
CORONARY ARTERIES

Table 4.1: Patient demographic and clinical characteristics. Continuous data are
reported as median (interquartile range). CAD, coronary artery disease.

Characteristic All patients (n=20)
age (years) 54 (46–68)
male, n (%) 13 (65)
white, n (%) 14 (70)
body mass index (kg m –1 ) 30 (27–36)
hypertension, n (%) 14 (70)
current smoking, n (%) 5 (25)
diabetes mellitus, n (%) 7 (35)
family history of CAD, n (%) 8 (40)
previous myocardial infarction, n (%) 2 (10)
e coronary flow reserve 2.35 (2.03–2.59)
fractional flow reserve 0.90 (0.82–0.96)

baseline lipid profile
total cholesterol (mg dl–1 ) 186.0 (168.0–212.5)
triglycerides (mg dl–1 ) 115.5 (83.5–158.8)
high-density lipoprotein (mg dl–1 ) 39.5 (33.3–52.8)
low-density lipoprotein (mg dl–1 ) 118.5 (105.3–140.5)
C-reactive protein (mg l–1 ) 2.7 (1.5–7.2)

follow-up lipid profile
total cholesterol (mg dl–1 ) 139.0 (124.3–151.3)
triglycerides (mg dl–1 ) 107.0 (75.8–138.8)
high-density lipoprotein (mg dl–1 ) 42.5 (31.3–57.3)
low-density lipoprotein (mg dl–1 ) 70.5 (54–87.5)
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Table 4.2: The number of regions and the median with interquartile range of the wall
shear stress (WSS) metrics for each group (low, intermediate, and high). The WSS met-
rics include: the time-averaged WSS (TAWSS), oscillatory shear index (OSI), relative
residence time (RRT), cross-flow index (CFI) and transverse WSS (transWSS).

low Intermediate High
TAWSS regions, n 193 996 1299
TAWSS magnitude
[Pa]

0.78 (0.67 – 0.90) 1.65 (1.40 – 2.03) 3.69 (3.03 – 4.66)

OSI, RRT, CFI,
transWSS regions,
n

829 830 829

OSI·10-3 [-] 0.51 (0.25 – 0.85) 4.21 (2.61 – 6.91) 24.2 (16.4 – 42.4)
RRT [Pa-1] 0.29 (0.23 – 0.37) 0.65 (0.56 – 0.74) 1.14 (0.95 – 1.60)
CFI [-] 0.03 (0.02 – 0.04) 0.08 (0.06 – 0.09) 0.16 (0.13 – 0.21)
transWSS [Pa] 0.06 (0.04 – 0.07) 0.11 (0.10 – 0.13) 0.18 (0.16 – 0.24)

4.3.3 Multidirectional shear stress

In general, we observed that multidirectional WSS was primarily involved in altering the
plaque composition rather than the plaque size. No significant difference in total plaque
area changes was found in low vs. high OSI regions (Figure 4.5A). An inverse relation-
ship with OSI was found for FF tissue (p<0.001), implying the higher the OSI the more
FF tissue regression. Significant higher progression was found for NC area (p=0.001) and
DC area (p<0.001) in the high OSI regions compared to the intermediate and low OSI
regions, but no differences were observed for FT regression in these regions. Evaluation
of the changes in plaque exposed to low vs. high RRT revealed that plaques exposed to
low RRT exhibited more regression of total plaque area (p<0.001) and FT (p=0.003) than
plaques that were exposed to high RRT (Figure 4.5B). Similar to high OSI, high RRT re-
gions showed more NC (p=0.008) and DC (p<0.001) progression and more regression of
FF tissue (p=0.0003) than low RRT regions. A positive RRT relationship was found for
DC (p<0.001) and FT (p=0.01), implying the higher the RRT the more DC progression
and less FT tissue regression.
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Figure 4.5: Plaque area and composition changes over a six-month period for plaques exposed to low, intermedi-
ate and high oscillatory shear index (OSI) (a), relative residence time (RRT) (b), cross-flow index (CFI) (c), and
transverse wall shear stress (transWSS) (d) . Error bars are the standard error. p<0.05: low versus intermediate
(*), intermediate versus high (#) and low versus high (†)
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4.4. DISCUSSION

Different levels of transWSS did not significantly influence the total plaque growth, FT,
and FF (Figure 4.5C). Regions exposed to high transWSS showed more progression
of NC area (p=0.01) and DC area (p<0.0001) than regions exposed to low transWSS.
Similar patterns were seen for the cross-flow index (CFI) (Figure 4.5D). Changes in
total plaque area and FT were unaffected by different levels of CFI. There was a positive
relation between CFI and the NC (p<0.002) and DC groups (p<0.001), and a negative
relation for the FF tissue (p<0.001).

4.3.4 Co-localization of TAWSS and multidirectional shear stress

To study whether plaque progression is influenced by multidirectional WSS additional to
TAWSS, regions of low and high TAWSS were co-localized with low, intermediate, and
high multidirectional WSS. The greatest progression of total plaque, FT and FF area was
found in regions of low TAWSS co-localized with low and intermediate CFI (low CFI:
0.15 mm2, intermediate CFI: 0.10 mm2), which was much larger than the average plaque
growth in low TAWSS (-0.001 mm2) (Figure 4.4 and Figure 4.6A). Further, the change in
area in these groups was significantly greater than the change in area in the low TAWSS
regions co-localized with high CFI (total plaque, FT, FF: p<0.0001). High TAWSS re-
gions co-localized with low or high CFI demonstrated the greatest NC progression, while
in high CFI regions the greatest regression was found for total plaque area, FT, and FF
tissue. In high TAWSS regions, plaque regression (p<0.001) was observed in all the CFI
groups, which resulted from significant changes in plaque components FT (p<0.001), FF
tissue (p<0.001), NC (p<0.001), and DC (p<0.001). A significant synergetic effect was
found for all the components (p<0.001).

The co-localization of TAWSS with OSI showed a similar response as the co-localization
of TAWSS with CFI (Figure 4.6B). However, the co-localization results with RRT
showed similar results as TAWSS alone (Figure 4.4). Interestingly, in the co-localization
of high TAWSS with high RRT plaque growth and plaque composition changes mimics
more the high RRT response.

4.4 Discussion

For the first time, the effect of TAWSS together with multidirectional WSS on plaque pro-
gression and compositional changes was investigated in coronary arteries of patients with
CAD. We showed that multidirectional WSS mainly contributes to changes in plaque
composition, such that plaque vulnerability is increased, and less to changes in plaque
size. Interestingly, regions with low TAWSS co-localized with low to intermediate CFI
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Figure 4.6: Plaque area and composition changes over a six-month period for plaques
exposed to low or, high time-averaged wall shear stress (TAWSS) co-localized with low,
intermediate and high cross-flow index (CFI) in (a) and plaques exposed to low or, high
time-averaged wall shear stress (TAWSS) co-localized with low, intermediate and high
oscillatory shear index (OSI) in (b). Error bars are the standard error. p<0.05: low
versus intermediate (*), intermediate versus high (#) and low versus high (†).
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resulted in the greatest plaque progression; interesting low TAWSS alone did not show
significant plaque progression (see Figure 4.4). High TAWSS showed, regardless of the
CFI magnitude, to influence characteristics of plaque vulnerability (i.e. total plaque area
and FT regression, and NC progression).

4.4.1 Time-averaged wall shear stress

Our results on changes in plaque size and composition in regions with low and high
TAWSS are in close agreement with previous studies (Samady et al., 2011). It is under de-
bate whether high-risk plaque development is associated with either low or high TAWSS
(Eshtehardi et al., 2017; Koskinas et al., 2010). We hypothesize that high TAWSS is
atheroprotective in early atherosclerosis , but at later stages destabilizes the plaque.

4.4.2 Multidirectional shear stress

Only one study has investigated the influence of multidirectional WSS on plaque progres-
sion and compositional changes in human coronary arteries (Timmins et al., 2017). This
study measured oscillatory WSS as the maximum angle deviation of WSS over the car-
diac cycle. Plaques that were exposed to low TAWSS co-localized with a) low oscillatory
WSS showed large plaque progression b) high oscillatory WSS showed transformation
towards a vulnerable plaque phenotype. Both of these observations are in agreement with
our study. However, that work did not address the individual effect of oscillatory WSS
and the combined role of high TAWSS and multidirectional WSS in plaque progression
and destabilization (Timmins et al., 2017).

The influence of OSI and RRT on plaque initiation was previously investigated. In murine
aortas, plaque location was in better agreement with OSI and RRT than TAWSS (Hoi
et al., 2011). A study in human coronary arteries showed that plaques are often located
at low TAWSS regions (Rikhtegar et al., 2012), however both high OSI and RRT were
more predictive for the presence of plaque. A caveat to this study was that, they virtually
removed the plaque in order to represent the healthy state of the artery and assessed
the TAWSS, OSI and RRT in this manipulated geometry. Therefore, this study cannot
be regarded as a true natural history study and comparisons should be interpreted with
caution. We found a more pronounced effect of RRT and OSI on changes in plaque
composition than plaque growth. Specifically, regions with the largest progression of NC
and DC and regression of FF tissue were associated with high OSI and RRT.

A recently introduced hemodynamic metric to characterize another feature of multidirec-
tional flow is transverse WSS (transWSS) or normalized transWSS (CFI). The present
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study shows that there is no effect of transWSS or CFI on plaque progression, however
it appears to influence plaque composition. Indeed, a number of studies suggest that
an increase in multidirectional flow or transverse WSS is atherogenic (Mohamied et al.,
2015; Wang et al., 2013). In an in vitro study endothelial cells subjected to transverse
flow resulted in an increase in inflammation (increase in expression of NF-κB) (Wang
et al., 2013). In another study using rabbits, high transWSS was found at lesion sites,
whereas this correlation was less apparent with either TAWSS or OSI (Mohamied et al.,
2015). This relationship was less evident in more mature rabbits. However, they did not
study plaque composition, which in our study proved to be most affected by the tran-
sWSS. It should be noted that these studies were performed using either cultured cells or
atherosclerotic animal models and hence may not be fully representative of the human
case.

4.4.3 Co-localization of time-averaged wall shear stress with multidirec-
tional shear stress

We present for the first time data on low and high TAWSS regions co-localized with vari-
ous multidirectional WSS parameters. In contrast to the low TAWSS, the plaque changes
in the high TAWSS regions seem not so much influenced by the multi-directional WSS.
Co-localization of TAWSS with CFI and OSI showed the same patterns in plaque pro-
gression, which was expected because of the high correlation between these parameters
(r=0.83).

Our data on plaque progression potentially suffers from regression-to-the-mean effects.
This was investigated in a separate analysis by incorporating baseline plaque area into
the LME model and we observed that plaque progression was still significantly related
to all multidirectional WSS parameters. However, although still significant, it was less
pronounced in the low TAWSS co-localized with low CFI regions. Therefore, the con-
clusions are all valid.

4.4.4 Limitations

All patients were treated with high doses of statins. With this therapy often an overall
plaque regression is observed. Therefore, the results that we obtained is a balance of
pro-atherogenic hemodynamic conditions, e.g. low TAWSS, and the anti-atherogenic
influence of statins. With current treatment strategy in CAD patients, these data reflect
WSS-related plaque progression in this population.

Furthermore, our data on the relationship between plaque progression and (multidirec-
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tional) WSS was obtained in LADs only. Although no data exist on possible differences
in WSS-related plaque progression in the other coronary arteries, it cannot excluded that
the multidirectional WSS in these arteries has a larger range and therefore show a differ-
ent response.

VH-IVUS was used to assess the local plaque composition, but VH-IVUS is under de-
bate for its applicability to identify local plaque composition. Although some studies
showed a moderate correlation between VH-IVUS and histology especially for the FF
and NC tissue (Granada et al., 2007) (Thim et al., 2010b), a number of studies showed
>80% accuracy to identify FT, FF, NC, and DC compared to histology (Nasu et al., 2006).
Therefore, in general, the found relationships between plaque components and multidi-
rectional WSS reflect the actual changes in the tissue. But, conclusions with regard to FF
and NC should be interpreted with caution.

The number of patients that was studied is limited. Therefore, multiple regions within a
single coronary artery were analyzed. To obtain independent samples, the data was aver-
aged over 3-mm and circumferentially over 45 degrees (Stone et al., 2012; Timmins et al.,
2015). We opted for 45° sectors to ensure minimal loss in earlier observed details in the
hemodynamic environment simultaneously with the highest possible accuracy in circum-
ferential matching with follow-up data (Timmins et al., 2017, 2015). The circumferential
registration algorithm showed a matching error of <10° in 78% of the cross-sections com-
pared to manual image registration. This means that of these cross-sections 78%-100%
of the sector is correctly matched. To further account for subject dependencies, for data
analysis a sophisticated LME regression model was used. Using this approach we ob-
tained statistical significance, despite the limited number of patients. Besides, this study
is an exploratory study and therefore the conclusions should be confirmed in a larger
patient database.

Because we defined low TAWSS as <1 Pa, in the co-localization analysis we ended up
with a low number of regions exposed to both low TAWSS and low CFI (n=11) and low
TAWSS and intermediate CFI (n=15), contrasting the other groups in which at least 167
data points were present. Splitting the TAWSS data in tertiles, would have resulted in a
larger number of data points but does not allow to study the colocalization with true low
TAWSS. Despite the fact that these sample sizes were low, the statistics revealed strong
effects in these regions. Therefore, we are confident that our conclusions are valid.
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4.4.5 Conclusions

In conclusion, this study shows that there are important associations between (multidi-
rectional) WSS metrics and changes in plaque composition reflecting increased plaque
destabilization. Further, multidirectional flow acts synergistically with TAWSS on plaque
composition and plaque size. Therefore, the combination of (multidirectional) WSS pro-
filing and plaque imaging in combination with systemic risk factors is imperative to iden-
tify plaques that potentially develop into a vulnerable plaque.
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5Synergy of NIRS-detected Lipid-rich
Plaque and Shear Stress on Human

Coronary Plaque Growth

Original chapter: Kok AM, Hartman EMJ, Hoogendoorn A, Chiastra C, Regar E, Zijlstra
F, Gijsen FJH, van der Steen AFW, Daemen J, Wentzel JJ.

ABSTRACT
The effect of lipids inside a plaque – using near-infrared spectroscopy intravascular ul-
trasound (NIRS-IVUS) catheter – in combination with detailed information of different
local shear stress metrics has never been studied as a risk predictor for atherosclerotic
lesion progression in human coronary arteries in vivo. In addition, the effect of systemic
cholesterol levels in combination with the different shear stress metrics on plaque pro-
gression was investigated. 15 non-culprit arteries from acute coronary syndrome patients
were imaged with coronary computed tomography angiography and NIRS-IVUS at base-
line, and NIRS-IVUS imaging was repeated after one year follow-up. To assess the local
shear stress, computational fluid dynamics was performed in 3D reconstructioned geome-
tries of coronary arteries with Doppler velocity measurements as input. The arteries were
divided into 2291 1.5mm-45° regions and in each region the wall thickness at baseline
and follow-up was determined and indicated as NIRS positive or NIRS negative. Addi-
tionally, in each region the following shear stress metrics were computed: time-average
wall shear stress (TAWSS), oscillatory shear index (OSI), relative residence time (RRT),
cross-flow index (CFI), and transverse wall shear stress (transWSS). Finally, patients
were classified as having low or high LDL levels based on a median split of all the par-
ticipants. Plaque progression over a one year follow-up was not statistically different in
patients with low versus high LDL levels (p=0.58) or in regions that were positive versus
negative for NIRS based lipid assessment (p=0.2). However, compared to NIRS negative
regions, NIRS positive regions show more plaque progression if they were additionally
exposed to high RRT (p=0.01) or low transWSS (p=0.04), and more plaque regression in
regions additionally exposed to high transWSS (p=0.02). Patients with high LDL levels
showed a trend to more plaque growth in low TAWS and high RRT versus patients with
low LDL levels, however this was not statistically significant. This is the first study to
show that intravascular NIRS assessment is of additive value in combination with dif-
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ferent shear stress metrics for the estimation of plaque progression in human coronary
arteries. Therefore, these data suggest that future studies would benefit from assessment
of NIRS in combination with different shear stress metrics for the estimation of regions
at risk of plaque growth.

5.1 Introduction

Coronary artery disease (CAD) caused by atherosclerosis is one the major causes world-
wide of myocardial infarction. Pathological studies showed that the most common cause
of a myocardial infarction (MI) is rupture of a thin cap fibrous atheroma (TCFA), a plaque
containing a lipid pool covered by a thin fibrous cap ( (Naghavi et al., 2003; Virmani
et al., 2006). Additional risk factors for major adverse cardiovascular events are minimal
lumen area (MLA) (<=4 mm2) and plaque burden (PB) (>=70%) (Stone et al., 2011).
However, taken together, these risk factors poorly predicted future events (Stone et al.,
2018). Lesions that were imaged invasively only weeks or months prior to an MI showed
rapid lumen narrowing and plaque progression (Ahmadi et al., 2015). Therefore, plaque
progression might be an important added risk factor for a cardiac vascular event.

Plaque progression is associated with high cholesterol levels and with subclinical plaque
rupture and healing of lesions (Burke et al., 2001; Cannon et al., 2004; Davies and
Thomas, 1984; Nissen et al., 2004). Furthermore, it is well known that low shear stress,
the frictional force of the blood at the vessel wall, plays an important role in plaque
progression (Samady et al., 2011). Endothelial cells are very sensitive to shear stress
(Kwak et al., 2014; Samady et al., 2011; Stone et al., 2012) and at regions of low shear
stress they express pro-inflammatory genes, hereby creating a pro-atherogenic environ-
ment. The influence of cholesterol levels on shear stress related plaque progression was
investigated in a pig study (Koskinas et al., 2013a). They showed that high systemic total
cholesterol levels amplified the effect of low shear stress on plaque growth and on plaque
vulnerability. Because, lipid accumulation also contributes to the activation of endothe-
lial cells locally (Lusis, 2000); inflammation and thus plaque growth might be enhanced
in the presence of lipids inside the plaque. Considering these observations, we hypoth-
esized that low shear stress co-localized with local lipid rich plaques is perhaps a better
predictor for local plaque progression than low shear stress alone or in combination with
systemic cholesterol levels.

Recently, a new intravascular imaging catheter was introduced at the clinical market al-
lowing simultaneous assessment of the plaque morphology using intravascular ultrasound
(IVUS) as well as presence of lipids with near-infrared spectroscopy (NIRS). Data ob-
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tained with this catheter already showed promising results that potentially contribute to
the decision making in clinical practice (Danek et al., 2017; Madder et al., 2016; Oem-
rawsingh et al., 2014; Schuurman et al., 2017). Coronary artery disease patients with a
high lipid core burden index (> 227), measured with NIRS catheter, demonstrated an in-
creased risk of major adverse cardiovascular events (Schuurman et al., 2017). To the best
of the author’s knowledge, lipids inside a plaque (using this new NIRS-IVUS catheter) in
combination with detailed information of local shear stress distribution has not been stud-
ied as a predictor for local atherosclerotic lesion progression in human coronary arteries
in vivo.

5.2 Material and Methods

5.2.1 Subjects

Hemodynamically stable ACS patients admitted for percutaneous coronary intervention
(PCI) were enrolled in the IMPACT study (imaging and modeling to investigate the mu-
tual relationship of plaque growth and biomechanical parameters in human coronary ar-
teries study). The most important exclusion criteria were: history of coronary bypass
graft, three vessel disease, and renal insufficiency (creatinine clearing <50 ml/min). In
the end, 14 patients were treated with PCI of the culprit vessel(s) according to the local
treatment standards. At least one non-treated coronary segment was imaged according to
the IMPACT acquisition protocol at index procedure and after one year of follow-up. At
one month follow-up, a coronary computed tomography angiography (CCTA) was made
in the outpatient clinic. Written informed consent was obtained from all patients. This
study was approved by the local medical ethical committee of the Erasmus MC (MEC
2015-535, NL54519.078.15) and conducted in accordance with the World Medical As-
sociation Declaration of Helsinki (64th WMA General Assembly, Fortaleza, Brazil, Oc-
tober 2013) and Medical Research Involving Human Subjects Act (WMO).

5.2.2 Acquisition protocol

Before the start of the procedure, blood was collected in EDTA and clotting tubes and
was send to the Clinical Chemistry lab for further analysis. A non-culprit coronary seg-
ment was imaged using angiography and NIRS-IVUS (TVC, insight coronary imaging
catheter, InfraReDx (Burlington, Massachusetts, USA)) at index procedure and after one
year of follow-up. The NIRS-IVUS pullback was at least 30 mm in length and con-
tained at least two side branches. The side branches were used as matching points for
registration of the various imaging modalities that were fused to obtain a 3D reconstruc-
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tion. At multiple locations within the imaged region Doppler-derived blood velocity
measurements were performed with a ComboWire (Volcano, Corporation, Rancho Car-
dova, USA). The location of the ComboWire was documented using angiography. One
month after the index procedure, a CCTA scan was made using the SOMATOM Force
(192 slice, 3rd generation, dual-source CT scanner (SOMATOM Force, Siemens AG,
Germany)). In order to 3D reconstruct the coronary arteries we combined information
from the IVUS images with CCTA as depicted in Figure 5.1.

A

NIRS-IVUS 
segmentation

B

SB1

SB2

SB3

CCTA 

C

SB1

SB2

SB3

The landmarks for the 
NIRS-IVUS and CCTA matching

Figure 5.1: An overview of the segmentation and matching methodology of the near-
infrared spectroscopy intravascular ultrasound (NIRS-IVUS) and coronary computed
tomography angiography (CCTA) imaging is shown. In A) three NIRS-IVUS images
are shown on the vertically stacked manually-segmented lumen (blue) and external
elastic membrane (orange) contours. In B) a partial CCTA view is shown with semi-
automatically segmented CCTA contours (white) and their centerlines (green spheres).
Also three sidebranches (SBs) are indicated which are also as landmarks to match the
NIRS-IVUS images (left) with the 2D CCTA (right) images as shown in C).
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5.2.3 IVUS gating and segmentation

IVUS-images were acquired during a continuous motorized pullback, which results in
variations in the lumen area due to the cardiac contraction. Since this is not related to
true variations in local lumen area, this is problematic for the 3D reconstruction and
therefore off-line ECG gating was performed using an in-house developed algorithm us-
ing MATLAB (v. 2015a, Mathworks Inc., Natick, MA, USA). The algorithm determines
differences in grey values in consecutive IVUS images. The largest difference in overall
grey values is typically found near the R-top in the ECG. Based on this algorithm, one
IVUS frame per cardiac cycle was selected in the same diastolic phase (6 frames before
the R-top). The IVUS-gating algorithm was validated using 42 IVUS pull-backs from a
different study in pig coronary arteries. For that purpose, the ECG heart rate of the pig
was documented during the IVUS pullback. Subsequently, the heart rate derived from
the IVUS gating algorithm was compared to the ECG heart rate. Our IVUS-gating al-
gorithm showed a median error in heart rate <0.5% only (0.38% (IQR 0.22 – 0.70%).
The gated NIRS-IVUS images were segmented by one experienced reader (EH) using
QCU-CMS software (Leiden, The Netherlands). In each NIRS-IVUS image the lumen
and the external elastic membrane (EEM) were segmented, see Figure 5.1A. An interob-
server variability analysis plaque segmentation was performed using 1192 NIRS-IVUS
images (from 6 mildly diseased pig coronary arteries). The average intraclass correlation
coefficient showed good results: 0.927 (0.805-0.976).

5.2.4 CCTA segmentation

Semi-automatic CCTA segmentation of the coronary arteries and all visible side branches
was performed (by EH) using graph cuts and robust kernel regression as previously de-
scribed (Schaap et al., 2009). The CCTA segmentation of the main vessel started at the
ostium and ended 20 mm distal from the most distal side branch that was imaged using
NIRS-IVUS. From these segmentations, the 3D-centerline of both the main branch and
side branches was determined (Schaap et al., 2009), Figure 5.1B.

5.2.5 3D reconstruction

A 3D reconstruction of the coronary artery was obtained by fusing information from
CCTA and IVUS using in-house developed software using Mevislab (Bremen, Germany).
In general, the following steps were taken: 1) matching of the IVUS images with the CT
images, 2) defining the region of interest (ROI), 3) correcting for the volume mismatch
between IVUS and CT, 4) replace the ROI in the CCTA segmentation with IVUS con-
tours, 5) 3D surface generation, and 6) smoothing.
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First the IVUS images were matched with the CCTA images. In detail, the CCTA cen-
terline from the main vessel was used to interpolate new CCTA images perpendicular to
the centerline at the same locations as the NIRS-IVUS images. see Figure 5.1C. Then
the CCTA and IVUS images were longitudinally and circumferentially matched using
landmarks (see Figure 5.1C). Subsequently, the IVUS-lumen contours were stacked on
the 3D CCTA centerline and rotated according to the IVUS-CT matching procedure as
previously described (van der Giessen et al., 2010). The 3D-matched region containing
the IVUS contours is hereafter referred to as the region of interest (ROI).

IVUS and the CCTA segmented lumen volumes differ due to blooming artifacts or con-
trast filling in CT (Bulant et al., 2017; Stolzmann et al., 2012). Therefore a correction
factor was calculated by comparing the average lumen area in both the CCTA ROI as well
as the IVUS ROI. Subsequently, this correction factor was converted to a 1-D correction
factor and was applied to the radii of the CCTA contours (including the side branches).
The next step was to replace the CCTA lumen contours in the ROI by the NIRS-IVUS
lumen contours, see Figure 5.2A.

All the contours were 3D interpolated and transformed to a volume using a recurving
marching-cubes algorithm. The longitudinal sampling of the IVUS contours was higher
than the CCTA contours, therefore more smoothing was applied to the IVUS ROI surface
region using a Gaussian filter. An additional smoothing step was applied to the full ge-
ometry with a Laplacian filter. Some of these smoothing steps induced volume changes,
these volume changes were calculated and countered by scaling back to the original vol-
ume. Then, the volume was converted to a 3D STL surface, see Figure 5.2B. In some
cases local smoothing of the surface was needed at the transition of the CCTA to NIRS-
IVUS surface or near side branches. These artifacts created by the merging step were
removed with the Laplacian smoothing filter using MeshLab (Visual Computing Lab,
Pisa, Italy).

5.2.6 Computational fluid dynamics

Each 3D generated geometry was converted to a tetrahedral mesh in ICEM CFD (v.17.1,
ANSYS Inc., Canonsburg, PA, USA) with a 5-prism layer at the boundary to resolve
shear stress effects (Chiastra et al., 2016). The mesh size was determined by a mesh in-
dependence study (only errors within 1% of shear stress were allowed). A typical mesh
consisted of six million elements. Unsteady computational fluid dynamics simulations
were performed using the commercially available finite volume solver Fluent (v.17.1,
ANSYS Inc.). The vessel lumen was considered as rigid and subjected to no-slip bound-
ary condition. Blood was assumed to behave as shear-thinning fluid, which was modelled
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Figure 5.2: Surface generation. In A) the region of interest intravascular ultrasound
(IVUS) contours (blue) fused with the CCTA contours(grey). In B) the contours were
3D interpolated and transformed to a 3D surface.
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with the Carreau model:

µ − µ∞
µ0 − µ∞

= [1 + λγ̇2]
(n−1)/2

(5.1)

with µ, the dynamic viscosity, approaching to µ0 (0.25 Pa·s) at low shear rate (γ̇) and
to µ∞ (0.0035 Pa·s) at high shear rate; the parameter n is the power law constant (0.25)
and λ is a time constant (25 s) (Seo et al., 2005). The blood density was set to be 1060
kg/m3 (Cutnell and Johnson, 2007). Reynolds numbers did not exceed 500, therefore
the flow was assumed to be laminar. The Fluent pressure-based solver with a coupled
scheme for the velocity-pressure coupling was used to solve the Navier-Stokes equations
of unsteady, incompressible fluid motion. The second order scheme was used for the
pressure spatial discretization and a second order upwind scheme for the momentum
spatial discretization. The second order implicit scheme was chosen for the unsteady
formulation. The flow Courant number was set to 50 while the under relaxation factors
to 0.3 for the pressure and the momentum, and to 1 for the density. As convergence
criterion, continuity and velocity residuals were set to 10−5. 1.5 patient-specific heart
beat was simulated (only the last beat was used for analysis). Two types of boundary
conditions were applied used for the 3D CFD simulation: 1) flow distribution through the
side branches and 2) a time-dependent velocity profile at the inlet, see subsection 5.2.7.
Each heartbeat consisted of 100 time steps. All settings regarding the time steps and
convergence criteria were determined by a sensitivity analysis (only errors within 1%
of wall shear stress were allowed). Wall shear stresses were exported on each node of
the mesh for each time step. Further post-processing was done using VMTK (Orobix,
Bergamo, Italy) and MATLAB (v. 2015a, Mathworks Inc., Natick, MA, USA).

5.2.7 Boundary conditions

As outlet boundary condition, the flow distribution through the side branches was pre-
scribed. The flow distribution was derived from intravascular velocity measurements
using a Doppler wire. Time-averaged flow can be calculated by multiplying the local
area with the time averaged mean velocity. The local cross-sectional area was obtained
from the 3D vessel reconstruction at the location of the Doppler wire documented by an-
giography. As the device measures the local maximum velocity, the velocity values were
first converted to the mean velocity by following a previously proposed method (Ponzini
et al., 2006). An experienced consensus committee (AM, EH, AH, FG, JJW) classified
all the velocity measurements as good, moderate, or bad since not all measurements were
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optimal. The following criteria were used for the classification: signal intensity, repeat-
ing pattern, and similarity to the already established pattern by literature (Davies et al.,
2006; Hadjiloizou et al., 2008). While bad measurements were discarded, good mea-
surements were used to calculate the flow-rate in the vessel region (between two side
branches). Moderate classified measurements were only used if they were in agreement
(less than 20% error) with the other flows derived from flow-diameter scaling law based
on flow measurements from diseased human coronary arteries (van der Giessen et al.,
2011). This scaling law calculates the flow-rate (Q) distributed through two daughter
branches (D1 and D2) with a certain diameter (d):

QD1

QD2
=

(
dD1

dD2

)2.27

(5.2)

The scaling law was also used at regions were no measurements were available. In this
way, the flow distribution through the entire coronary artery was established. As inlet
boundary condition, a time-dependent velocity waveform was applied to enable unsteady
flow simulations. The most proximal good classified velocity measurement was used
for the shape of this waveform. The shape of the inflow velocity profile was assumed
to be flat, since the most proximal part of the 3D reconstruction is at the ostium of the
artery close to the aorta where the flow presumably has not been developed yet. In one
coronary artery no good velocity measurement was available in the proximal region of the
main vessel to determine the time-dependent velocity wave form. In this case a typical
human velocity waveform was used (Davies et al., 2006). Furthermore, the amplitude of
the velocity curve was scaled to obtain the mean flow-rate estimated with the following
equation (van der Giessen et al., 2011):

Q = 1.43 · d2.55 (5.3)

where Q is the flow-rate and d the diameter of the vessel.

5.2.8 Analysis

The wall thickness was defined as the distance between the EEM and the lumen distance
from the center point. All the parameters of interest (wall thickness at baseline, wall
thickness at follow-up and baseline NIRS) were projected onto the 3D geometry at base-
line using VMTK (Orobix, Bergamo, Italy) and MATLAB (v. 2015a, Mathworks Inc.,
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Natick, MA, USA) to enable an one-to-one comparison with the shear stress. Although
shear stresses were calculated for the full 3D geometry, only the ROI was retained for
further analysis. In IVUS images, the presence of calcium causes a bright signal with
a shadow in the image and therefore the EEM was difficult to segment. The regions
in which the EEM could not be reliably segmented was removed from further analysis.
Similar for the NIRS, the analysis is hampered by artifacts created by the presence of the
guide wire, therefore the regions in which the guide wire was present were removed for
further NIRS analysis. To minimize the influence of possible registration mismatch of
the IVUS images at baseline and follow up on the final results, the data were averaged
over 1.5 mm in the axial direction and over 45° in the circumferential direction. We chose
1.5 mm since the registration of baseline and follow up images can be performed with an
accuracy of approximately one image frame (+0.5 mm and -0.5 mm), leading to at least
75% overlap in the worst case scenario. We chose to average the data within the cross-
sections over 45° so that heterogeneity in shear stress due to curvature and tortuosity was
still captured, but ensuring the highest possible overlap between baseline and follow-up
registration (Timmins et al., 2017).

The shear stress was averaged over the cardiac cycle to obtain the time-averaged wall
shear stress (TAWSS). Per vessel, the regions were divided into 3 groups based on the
average TAWSS in the region (low, intermediate, and high). A similar procedure was
performed for the multidirectional shear stress metrics. Furthermore, the regions were
classified as NIRS positive if more than 50% of the region had a high probability (>60%)
for the presence of lipids, otherwise they were classified as NIRS negative. In order to
investigate the influence of systemic levels of LDL on shear stress-related plaque growth,
the patients were split based on the median LDL level (at follow-up; into a low (<1.78
mmol/L) and high (>1.78 mmol/L) LDL group. Also, the synergistic effect of LDL
and NIRS with shear stress on plaque growth was investigated. Plaque progression was
present if the wall thickness increased more than 0.1 mm.

5.2.9 Statistical analysis

Normality of the data was tested with a Kolmogorov-Smirnov test. If the data was nor-
mally distributed mean and standard deviation were presented otherwise median and the
interquartile range was reported. A Wilcoxon-signed rank test was performed to test
the difference between baseline and follow up LDL levels. Linear mixed effect (LME)
model was used to perform the statistical analysis of the shear stress metrics on plaque
progression and we corrected for baseline wall thickness , using the LME4 package in R
(version 3.3.2, Vienna, Austria). Also the interaction effect (to test for synergetic effects)
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between NIRS and TAWSS was investigated with this model. P<0.05 was considered
significant. Also the positive predictive value (PPV) of low TAWSS and the high levels
of multidirectional shear stress for plaque progression was calculated. Similarly, PPVs
were calculated for the combination of the shear stress metrics and positive NIRS sig-
nals.

5.3 Results

In total 15 coronary arteries from 14 patients were analyzed. The patient demographics
and clinical characteristics are presented in Table 5.1.

The length of the ROIs in the coronary arteries was 49.5 mm (39.4 – 57.4 mm). In total
11% (5.8% – 22%) of the data was excluded (due to calcium, artefacts, and guide wire),
resulting in 2291 regions (1.5mm-45°) included in the analysis (138 (101 – 190) regions
per artery). 482 regions showed plaque progression (>0.1 mm) and 572 regions showed
plaque regression (<-0.1 mm). The absolute TAWSS value for all the regions was 0.80
Pa (0.44 – 1.41 Pa), for the OSI 0.6·10−3 ( 0.1·10−3 – 3.1·10−3) for RRT 1.33 Pa−1 (0.76
– 2.41 Pa−1), for CFI 0.04 (0.02 – 0.08), and transWSS 0.03 Pa (0.01 – 0.07 Pa). Plaque
progression over a one year follow-up was not statistically different in patients with low
versus high LDL levels (p=0.58) or in regions that were positive versus negative for NIRS
based lipid assessment (p=0.2), see Figure 5.3.

5.3.1 Association of plaque progression with different shear stress param-
eters

The vessel-specific thresholds that were used to subdivide the five different shear stress
metrics in low, intermediate, and high shear stress regions are presented in Table 5.2.

Plaque growth and its relationship with the five different shear stress parameters is pre-
sented in Figure 5.4.

Our data showed that plaque changes over time were associated with TAWSS, RRT, OSI
and CFI, but not with transWSS. Plaque growth was inversely related to TAWSS, with
plaque progression at regions exposed to low TAWSS (0.03 ± 0.01 mm) and plaque
regression in regions exposed to high TAWSS (-0.04 ± 0.01 mm). An opposite trend
was observed for RRT, with plaque regression in regions exposed to low RRT (-0.04
± 0.01) and progression in regions exposed to high RRT (0.03 ± 0.01 mm). Regions
exposed to low and intermediate OSI and CFI demonstrated plaque regression, whereas
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Table 5.1: Patient demographics and clinical characteristics of the study population
at baseline.

General
Number of patients 14
Age, yrs, median (IQR) 62 (56 - 68)
Male/female ratio 13/14 (92,9%/7,1%)
Body mass index, BMI, median (IQR) 26 (25 – 30)
LDL [mmol/L] 2.52 (2.23 – 3.01)

Risk factors
Diabetes mellitus [n(%)] 4 (28,6%)
Hypertension [n(%)] 4 (28,6%)
Hypercholesterolemia [n(%)] 9 (64,3%)
current smoking [n(%)] 4 (28,6%)
previous smoker [n(%)] 4 (28,6%)
positive family history [n(%)] 7 (50%)
Previous stable angina [n(%)] 6 (42,9%)
previous MI [n(%)] 3 (21,4%)
previous PCI [n(%)] 4 (28,6%)
previous statine use [n(%)] 9 (64,3%)

Indication for coronary angiography
Unstable angina 7 (50%)
NSTEMI 6 (42,9%)
STEMI 1 (7,1%)

Non-culprit coronary artery
Left anterior descending 6 (35,7%)
Left circumflex 4 (28,6%)
Right coronary artery 5 (35,7%)
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Table 5.2: Vessel specific thresholds, based on tertiles, the lower and upper thresh-
olds are depicted for the following five shear stress metrics: time-averaged wall shear
stress (TAWSS), oscillatory shear index (OSI), relative residence Time (RRT), cross-
flow index, and transverse wall shear stress (transWSS).

TAWSS [Pa] OSI·10-3 [-] RRT [Pa−1] CFI [-] transWSS [Pa]
Vessel Low High Low High Low High Low High Low High
1 1.34 2.29 0.38 5.59 0.50 0.96 0.03 0.10 0.05 0.10
2 0.79 1.12 0.14 0.69 0.91 1.31 0.02 0.05 0.02 0.04
3 0.27 0.40 0.19 1.44 2.53 3.97 0.02 0.07 0.01 0.02
4 0.31 0.43 0.14 0.68 2.35 3.30 0.02 0.04 0.01 0.02
5 1.30 2.40 0.40 7.96 0.43 1.36 0.03 0.11 0.05 0.10
6 0.51 1.06 1.20 30.82 1.03 2.34 0.05 0.18 0.05 0.10
7 0.84 1.36 0.42 4.56 0.74 1.35 0.04 0.11 0.04 0.10
8 0.38 0.56 0.31 1.10 1.81 2.75 0.03 0.05 0.01 0.02
9 0.37 0.53 0.44 13.23 1.98 3.18 0.03 0.12 0.02 0.04
10 0.69 0.86 0.06 0.23 1.18 1.46 0.01 0.02 0.01 0.02
11 1.31 1.98 0.31 1.25 0.52 0.80 0.03 0.06 0.05 0.08
12 0.33 0.43 0.02 0.17 2.35 3.09 0.01 0.02 0.00 0.01
13 0.55 0.88 0.06 0.57 1.17 1.82 0.01 0.04 0.01 0.02
14 0.55 1.49 1.93 37.55 0.73 2.43 0.06 0.19 0.05 0.08
15 0.99 1.58 0.54 1.89 0.65 1.06 0.04 0.07 0.05 0.08
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Figure 5.3: Change in wall thickness (mm) after one year follow-up of A) patients
with low LDL levels (white) and for patients with high LDL levels (black), and B)
NIRS negative (red) and NIRS positive regions (yellow). Error bars are the standard
error.

no significant plaque progression was observed for the regions exposed to high OSI or
CFI.

The highest positive predictive values for plaque progression were also observed for low
TAWSS (43%) and high RRT (42%). Interestingly the PPV of the other shear stress
metrics (OSI and CFI) was only slightly lower Table 5.3.

5.3.2 The influence of LDL concentration on shear stress related plaque
progression

To assess a potential synergistic effect of shear stress and circulating LDL levels on
change in plaque size, the relationship between plaque progression and TAWSS, RRT,
and transWSS was shown in Figure 5.5 for patients with low and high LDL levels.
For both LDL levels a step-wise relationship between plaque progression and all the
shear stress metrics was observed, except for the transWSS. No significant difference on
plaque progression was observed in regions exposed high TAWSS (p=0.62), low RRT
(p=0.60), low transWSS (p=0.51), or high transWSS (p=0.80) for low versus high LDL
levels. However, in regions exposed to high RRT (p=0.17) and low TAWSS (p=0.18) the
higher LDL level tended to augment the plaque progression but this didn’t reach statisti-
cal significance. The PPVs in the patients with high circulating LDL levels were slightly
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Figure 5.4: Change in wall thickness (mm) after one year follow-up for each low,
intermediate, and high shear stress group for the five different parameters: A) Time-
average wall shear stress (TAWSS), B) Oscillatory shear index (OSI), C) Relative res-
idence time (RRT), D) Cross-flow index (CFI), and E) Transverse wall shear stress
(transWSS). Error bars are the standard error. p<0.05: low versus intermediate (∗),
intermediate versus high (#) and low versus high (†).
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Table 5.3: Positive predictive value (PPV) for plaque progression (>0.1 mm) for each
individual shear stress parameters low time-average wall shear stress (TAWSS), high
oscillatory shear index (OSI), high relative residence time (RRT), high cross-flow index
(CFI), and high transverse wall shear stress (transWSS). Furthermore, the PPV is the
shear stress metrics are provided colocalized with NIRS positive regions and the PPV
values are provided of the group of participants with high circulating LDL levels.

Positive predictive value (PPV) for plaque progression [%],
>0.1 mm ∆ wall thickness

Shear stress Shear stress with
high circulating

LDL levels

Shear stress with
positive NIRS

signal
Low TAWSS 43% 47% 48%
High OSI 42% 39% 47%
High RRT 44% 47% 49%
High CFI 42% 39% 47%
High transWSS 36% 32% 41%

increased compared to the shear stress metrics alone (Table 5.3).

5.3.3 The influence of NIRS in the plaque on shear stress related plaque
progression

In order to investigate the additive value of NIRS information, on top of shear stress, for
plaque progression estimation, regions were selected that were NIRS positive or NIRS
negative and were co-localized with low, intermediate, or high shear stress. The results
on plaque progression for each shear stress metric for NIRS negative (red) and NIRS
positive regions (yellow) is shown Figure 5.6

For both the NIRS negative and the NIRS positive regions a stepwise relationship was ob-
served between plaque growth and TAWSS and RRT, similar to TAWSS and RRT alone.
Interestingly, the presence of lipids (positive NIRS signal), amplified this stepwise de-
creasing pattern of plaque growth versus TAWSS; the positive NIRS regions tend to show
more plaque progression (p=0.07) in the low TAWSS regions and more plaque regres-
sion (p=0.10) in the high TAWSS regions than the NIRS negative regions. The opposite
is true for RRT with significant more plaque progression (p=0.012) in regions exposed
to high RRT, and a trend towards more plaque regression in regions exposed to low RRT
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Figure 5.5: Change in wall thickness (mm) after one year follow-up for each low,
intermediate, and high shear stress group for: A) Time-average wall shear stress
(TAWSS),B) Relative residence time (RRT), and C) transverse wall shear stress (tran-
sWSS) splitted for patients with low LDL levels (white) and for patients with high LDL
levels (black). Error bars are the standard error. p<0.05: low versus intermediate (∗),
intermediate versus high (#) and low versus high (†).
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Figure 5.6: Change in wall thickness (mm) after one year follow-up for each low,
intermediate, and high shear stress group for the five different parameters: A) Time-
average wall shear stress (TAWSS), B) Oscillatory shear index (OSI), C) Relative res-
idence time (RRT), D) Cross-flow index (CFI), and E) Transverse wall shear stress
(transWSS) co-localized with NIRS negative regions (red) or NIRS positive regions
(yellow). Error bars are the standard error. p<0.05: low versus intermediate (∗),
intermediate versus high (#) and low versus high (†).
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(p=0.06) in NIRS positive regions compared to NIRS negative regions. Interestingly,
only in the NIRS positive regions, a significant inverse trend between plaque growth and
transWSS was observed. Regions exposed to low transWSS showed significant plaque
progression (p=0.04), and regions exposed to high transWSS showed significant plaque
regression (p=0.02). Remarkably, no effect was observed of NIRS-detected local lipids
on the relation between plaque growth and OSI and CFI. Despite the observed effect
of NIRS on the relationship between the shear stress metrics and plaque size, the addi-
tive value of NIRS, on top of shear stress parameters, for the positive predictive value
of plaque progression only slightly improved compared to the shear stress metrics alone
(Table 5.3).

5.4 Discussion

In this natural history study, we investigated the influence of the presence of lipid-rich
plaques at baseline, as assessed by NIRS invasive imaging, on shear stress related plaque
progression in human coronary of ACS patients. Because the multi-directionality of shear
stress is gaining attention for its involvement in plaque progression, we also investigated
a number of multidirectional shear stress parameters. The main findings are that 1) plaque
progression over a one year follow up is not statistically different in patients with either
lower versus higher LDL levels nor in NIRS positive versus NIRS negative regions at
baseline, 2) NIRS positive regions show more plaque progression if they are additionally
exposed to high RRT or low transWSS, and more plaque regression in regions addition-
ally exposed to high transWSS, 3) in patients with high LDL levels at follow-up the effect
of low TAWSS and high RRT on plaque progression was amplified. However it did not
reach statistically significance.

In this study, an optimized methodology was used to assess the local shear stress com-
pared to many studies published before (Samady et al., 2011; Stone et al., 2012). In our
study, we included side branches in the 3D reconstruction of the coronary arteries. Of-
ten, side branches are not included in the shear stress calculations (Bourantas et al., 2018)
(Stone et al., 2012) (Vergallo et al., 2014), which is remarkable since plaques are usually
formed near side branch regions and affect absolute shear stress values (Li et al., 2015).
Therefore, it is not surprising that Sakellarios et al demonstrated that improving the 3D
models with side branches to assess the local shear stress distribution contributes to a
better prediction of the shear stress related plaque progression (Sakellarios et al., 2017).
Our data also confirm this observation with a higher positive predictive value of TAWSS
for plaque growth compared to previous studies (Stone et al., 2012). Since most of the
studies discard the side branches, our shear stress values might be lower than reported
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before. Interestingly, the absolute TAWSS in this study are in quite close agreement with
the previous reported values of TAWSS (Doriot et al., 2000; Pinho et al., 2018; Vergallo
et al., 2014), but lower than previously reported in the study described by Samady et al.
(Samady et al., 2011). However, in this study we found lower multidirectionality values
of all the four multidirectional shear stress metric compared to the study described in
chapter 4 and described by Pinho et al. (Pinho et al., 2018). However, these studies are
difficult to compare since different in flow boundary conditions were used.

Another optimization was to use Doppler-derived velocity measurements at multiple lo-
cations throughout the artery to obtain patient-specific boundary conditions. Interest-
ingly, in the porcine study of this thesis (chapter 6) a similar study protocol was used and
the boundary conditions were also based on Doppler derived velocity measurements in
between side branches, and compared to those data all the shear stress metrics were in
close agreement.

Plaque progression was confirmed in low TAWSS regions and plaque regression was
confirmed in high TAWSS regions (Samady et al., 2011). Moreover, similar as the data
described in Chapter 4 OSI, CFI, and transWSS could not significantly distinguish plaque
progression from regression. Different from chapter 4 a positive trend for RRT was ob-
served, with significant plaque progression at regions exposed to high RRT, which might
be explained by the usage of different boundary conditions. This latter observation is also
in agreement with earlier reports on the positive effect on plaque progression (Rikhtegar
et al., 2012).

At first, we studied the influence of LDL levels on shear stress related plaque growth.
Although, as expected, higher plaque progression was observed in low TAWSS regions
for patients with higher LDL levels compared to patients with lower LDL levels, this
analysis did not reach statistical significance. Indeed, in an atherosclerotic pig model
high cholesterol levels amplified the shear stress related plaque progression (Koskinas
et al., 2013a). This resulted in plaques with high-risk features, such as inflammation, lipid
accumulation and plaque progression especially in the regions exposed to low TAWSS.
However, these studies are difficult to compare: in the study by Koskinas et al. pigs
were used which showed an overall strong plaque growth; the patients described in this
study were treated with with statin therapy, which is standard care, which is known to
result in an overall plaque regression, counteracting the effect of systemic lipid on plaque
progression.

In contrast to systemic lipid levels, we demonstrated a significant synergistic effect of
colocalization of NIRS-detected lipid-rich plaque and (multidirectional) shear stress on
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plaque progression. It is unclear why the presence of lipid-rich plaque, as assessed
by NIRS, seemed to amplify the observed relationship between plaque progression and
TAWSS, RRT and transWSS, but not in combination with the other shear stress metrics.
In a case report from our group, we described that NIRS positive regions were most often
exposed to high shear stress (Wentzel et al., 2010), but that study did not present plaque
progression information. Another study that demonstrated that regions that increased in
lipid content over a 12-18 months period (Shishikura et al., 2018), were located at high
shear stress. However, the shear stresses from that study were assessed with Doppler
measurement under the assumption of a parabolic velocity profile and thereby do not
take local differences in shear stress because of the local geometry into account. We ex-
cluded regions in which visualization of the wall was not possible because of the presence
of calcium in the vessel wall. Since regions of calcium were not included in our anal-
ysis, which in general are the regions with the most advanced plaques, this could lead
to an overall underestimation bias of wall thickness in the final results. Therefore, the
results on plaque growth are only valid for uncalcified regions. The number of patients
in this sub study was limited. Therefore, multiple independent regions (n=2291) out of
the 15 coronary arteries were analyzed. In the statistics we accounted for the clustering
of the data per vessel. Using this approach we obtained statistical significance, despite
the limited number of patients. Besides, this study is an exploratory study and therefore
the conclusions should be confirmed in a larger patient database.

With the recently available NIRS-IVUS catheter on the clinical market, lipid-rich re-
gions can be identified locally. This study demonstrated that the presence of local lipids
acts in synergy with several shear stress metrics on plaque progression, whereas sys-
temic cholesterol levels only showed a moderate effect. These conclusions indicate that
NIRS can help to identify the high-risk plaque that will further progress, which has po-
tential to aid in identification of regions that need to be treated to prevent future cardiac
events.

5.5 Conclusions

This is the first study to show that intravascular NIRS assessment is of additive value
with different shear stress parameters for the estimation of plaque progression in human
coronary arteries. Specifically, high RRT and low transWSS are more predictive for
plaque progression and high transWSS for plaque regression in NIRS positive regions
than NIRS negative regions. Therefore, these data suggest that future studies would
benefit from assessment of NIRS in combination with different shear stress parameters
for the estimation of regions at risk of plaque growth.
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6The Effect ofMultidirectional
Wall Shear Stress on Coronary

Plaque Development

Based on: Hoogendoorn A, Kok AM, Hartman EMJ, Coenen A, Korteland S-A, Gijsen
FJH, Duncker DJ, van der Steen AFW, Wentzel JJ. Multidirectional wall shear stress
promotes development of advanced coronary plaques with vulnerable characteristics – a
pre-clinical serial imaging study. (Submitted).

ABSTRACT
The purpose of this study was to investigate the influence and predictive value of five
(multidirectional) WSS parameters for coronary plaque progression and composition.
Adult familial hypercholesterolemic pigs (n=10) were put on a high-fat diet for 12 months
and underwent imaging of the three main coronary arteries at three time points (3, 9 and
12 months follow-up). A 3D-geometry of the arterial lumen, in combination with local
flow velocity measurements, was used to calculate baseline WSS. For the analysis, arter-
ies were divided into 3mm/45° sectors (n = 3627). Changes in wall thickness and plaque
composition were assessed with near-infrared spectroscopy – intravascular ultrasound
(NIRS-IVUS) and optical coherence tomography (OCT) imaging, and histology. Half of
the pigs developed large, lumen intruding, lipid-rich plaques which were highly associ-
ated with low and multidirectional WSS at baseline (p<0.05). All multidirectional WSS
metrics had a good predictive value for the development of plaque (43-50%) and this
value was even higher for the prediction of advanced fibrous cap atheroma development:
49-61%. This study demonstrates that both low and multidirectional WSS promote the
development of large and complex coronary atherosclerotic plaques. The high predictive
values of the multidirectional WSS metrics indicate their potential as a clinical marker
for vulnerable disease.
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CHAPTER 6. THE EFFECT OF MULTIDIRECTIONAL WALL SHEAR
STRESS ON CORONARY PLAQUE DEVELOPMENT

6.1 Introduction

Ischemic coronary artery disease (CAD), caused by destabilization and subsequent rup-
ture of atherosclerotic plaques, is predicted to remain the leading cause of death (Mathers
and Loncar, 2006). Although the complex process of plaque development is incompletely
understood, wall shear stress (WSS) is known to play a key role. WSS is the biomechani-
cal metric that describes the frictional force between blood flow and the endothelial cells
covering the arterial wall. Both pre-clinical and clinical studies established the role of
WSS in advanced (vulnerable) plaque development. However, this role is complex and
sometimes appears contradictory since both low and high WSS have been associated with
plaque growth and destabilization (Chatzizisis et al., 2008; Corban et al., 2014; Koski-
nas et al., 2013a, 2009; Peiffer et al., 2013a; Samady et al., 2011; Stone et al., 2018,
2012).

To further elucidate the role of WSS in coronary atherosclerosis, longitudinal imaging
studies are crucial. Moreover, since most studies only use time-averaged WSS as a de-
scriptor of disturbed blood flow, the multidirectionality of blood flow, induced by its pul-
satile nature in combination with the 3D geometry, is not taken into account. Therefore,
in recent years, new WSS metrics have been developed to capture this multidirectional
flow behaviour: the oscillatory shear index (OSI), relative residence time (RRT), trans-
verse WSS (transWSS) and its normalized version: the cross-flow index (CFI) (Appendix
A). The importance of some of these multidirectional WSS metrics was demonstrated in
a few studies (Knight et al., 2010; Pedrigi et al., 2015; Peiffer et al., 2013a,b; Rikhte-
gar et al., 2012; Timmins et al., 2017). However, transWSS and CFI have never been
investigated in a longitunidal imaging study with histopathology.

We now set out to perform a comprehensive study to assess the role of all these met-
rics in plaque initiation and progression to, for the first time, compare their predictive
value. Since patient studies do not allow for multiple invasive imaging procedures and
the collection of tissue, we employed a highly relevant porcine model of familial hy-
percholesterolemia (Thim et al., 2010a). By using adult, full grown pigs, we excluded
the influence of growth-related changes in the geometry of the coronaries, important for
serial assessment of WSS and plaque size. Serial multimodality invasive imaging, com-
bined with a detailed histological analysis, enabled us to simultaneous assess the relation
and predictive value of the five (multidirectional) WSS metrics for the changes in plaque
size and composition over time.
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6.2 Methods

6.2.1 Subjects

At the age of 34±3 months, familial-hypercholesterolemic Bretonchelles Meishan (FBM)
pigs (Thim et al., 2010a) (n=10, castrated males) were put on a high-fat diet (10% lard
and 0.75% cholesterol, the National Institute of Agronomic Research, France) that was
given in restricted amounts to maintain a constant weight. The day before the imaging
procedure, animals were fasted and received an oral loading dose of 300mg carbasalate
calcium. On the day of the procedure, the pigs were sedated with an intramuscular injec-
tion of a mix of Xylazine (2.25mg/kg, 20 mg/ml) and Zoletil 100 (tiletamine/zolazepam)
(6mg/kg, 100 mg/ml). Sodium thiopental (4mg/kg, 50mg/ml) was administered via the
ear vein before intubation. For the CT-scan procedure, the pigs were kept under anaes-
thesia with Sufentanyl (10 µg/kg/h IV). All animals were placed in a supine position and
an abdominal vein was cannulated to use for high-pressure contrast infusion during the
CT angiography (CTA) scan (192 slice, 3rd generation, dual-source CT scanner (SO-
MATOM Force, Siemens AG, Germany)). The animal protocol was approved by the
local animal ethics committee of the Erasmus MC (DEC EMC109-14-10) and the study
was performed according to the National Institutes of Health guide for the care and use
of Laboratory animals.

6.2.2 Imaging

At three months of high-fat diet (T1), the 3D geometry of the coronary arteries was as-
sessed by CT angiography (CTA). Subsequently, an invasive imaging procedure was con-
ducted in which near-infrared spectroscopy - intravascular ultrasound (NIRS-IVUS), and
optical coherence tomography (OCT) imaging were used to assess the coronary plaque
size and composition. For the invasive imaging procedure, anaesthesia was switched
to isoflurane inhalation (1–2.5% v/v) after administration of Naloxon to antagonize the
Sufentanyl. At the start of the procedure, a sheath was introduced into the carotid artery
of the pig. Via this sheath, blood was collected in EDTA and clotting tubes for further
analysis. Subsequently, 250mg acetylsalicylic acid and 10,000 units of heparin were ad-
ministered intra-arterial. Heparin administration was repeated every hour with a dosage
of 5,000 units. A guiding catheter (Mach 1, 8F, various types, Boston Scientific, Marl-
borough, MA, USA) was advanced through the carotid sheath into the ostium of either
one of the coronary arteries under angiographic guidance. Before imaging, isosorbide
mononitrate (0.04mg/kg, 1mg/ml) was administered via the guiding catheter to induce
vasodilation. The position of all imaging catheters was documented by serial monoplane
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angiography at different viewing angles. A NIRS-IVUS pullback (TVC Insight Coro-
nary Imaging Catheter, InfraRedX, Burlington, MA, USA) (0.5mm/s) and a 75mm OCT
pullback (Dragonfly Optis Imaging Catheter, St. Jude Medical, St. Paul, MN, USA)
(36 mm/s) were made in the same coronary regions. During the IVUS pullback, the
heart rate was closely monitored and registered for later use in IVUS triggering. A Com-
boWire (Volcano, Corporation, Rancho Cardova, USA) was used to measure the average
peak velocity (APV) downstream of every large side branch in the region that was imaged
by NIRS-IVUS. The location of the tip of the ComboWire at the time of the measure-
ment was documented with angiography. APV measurements were obtained at multiple
locations in the coronaries.

For all three main coronary arteries (i.e., left anterior descending (LAD), left circumflex
(LCX) and right coronary artery (RCA)), the same imaging procedure was performed at
T1 and repeated at 9 (T2) and 10 or 12 months (T3) for all pigs. At the last imaging time
point, the animals were sacrificed, and the coronary arteries were collected and used for
histological analysis.

6.2.3 OCT and IVUS analysis

OCT analysis was performed using QCU-CMS software (version 4.69, LKEB, Division
of Image Processing, Leiden University Medical Centre, Leiden, The Netherlands) and
plaque composition was assessed every millimetre (1 out of every 5 frames) according to
the OCT analysis consensus standards (Tearney et al., 2012). Lumen contours were de-
lineated semi-automatically. Fibrous tissue, lipid-rich tissue or lipid-pools were indicated
manually by drawing angles from the lumen centre. Fibrous tissue was indicated when
a plaque (WT>0.5mm), presenting as homogeneous and low-attenuation signal with the
3-layered structure still visible was present. A plaque region with an inhomogeneous,
slowly attenuating signal and an invisible 3-layered wall structure was classified as lipid-
rich. A lipid-pool angle was indicated as a region with a sudden drop in signal with
a diffuse border and an overlying signal rich cap structure. Each frame was classified
according to its most advanced component as fibrous, lipid-rich or fibrous cap atheroma
(FCA). The latter classification was given when a lipid pool was present. Before analysis,
the IVUS pullbacks were gated by selecting the frames that were located 6 frames be-
fore the R-peak in the ECG signal using in-house developed software. Hereby, changes
in lumen size caused by movement of the catheter or by the contraction of the heart
were removed. Analysis of the gated IVUS pullbacks was performed using QCU-CMS
software. In every gated IVUS frame, vessel wall and lumen borders were delineated
semi-automatically with manual correction. Total vessel area (VA), lumen area (LA) and

112



6.2. METHODS

plaque area (PA=VA–LA) (mm2) were quantified. Interobserver variability was assessed
for the manual segmentation of the plaque area. For this analysis, two independent ex-
pert observers (AH and EH) both segmented a total of 1192 IVUS frames derived from
multiple different pullbacks of different disease stages. The average intraclass correlation
coefficient was high: 0.927 (0.805-0.976).

6.2.4 Histological tissue processing

After the last imaging procedure, the animals were sacrificed and the three main coronary
arteries were collected to use for histological analysis. Each coronary artery was sliced
into 3 mm blocks which were embedded in Tissue Tek (O.C.T. Compound, Sakura®
Finetek, VWR) and were slowly frozen on dry-ice-cooled 2-propanol. The blocks were
stored at -80 °C until further processing. Of the proximal side of each block, 20 5µm
sections were sliced with a cryostat (Leica 3050s cryostat) and used for histological
and immunohistochemical stainings. Haematoxylin and Eosin (HE), Resorcin-Fuchsin
or Miller (collagen and elastin) and Oil-red-O (ORO) (lipids) stainings were used for
the analyses. An immunohistochemical staining for CD68 (1st antibody (Ab): Bio-
Rad, MCA2317GA, mouse anti-pig, 1:1600; 2nd antibody: ready-to-use EnVision™+

System/HRP, K4001, goat anti-mouse; antibody detection: liquid DAB+ Substrate kit
(DAKO, K3468)) was used to detect the presence of macrophages. The histological
sections taken every 3 mm were classified according to the revised AHA classification
(Virmani et al., 2000): no plaque, intimal thickening (IT), intimal xanthoma (IX), patho-
logical intimal thickening (PIT) and fibrous cap atheroma (FCA). For quantification of
lipid and macrophage content, lumen, media, and outer wall were manually delineated on
every histological image. Positive staining was determined by setting standardized HSB
values for each artery. Necrotic core area was delineated manually and was characterised
by an area of positive lipid staining and scarce in nuclei and fibrous tissue.

6.2.5 Geometry Reconstruction

The coronary arteries were 3D-reconstructed by fusion of IVUS-derived lumen and wall
contours with the 3D CT-centreline, which resulted in a luminal surface and measure-
ments of local wall thickness (WT) (Figure 6.1). The wall thickness (WT) was com-
puted by calculating the distance between the vessel wall and lumen contours. The re-
constructed lumen surface together with the local velocity measurements served as in-
put to compute the (multidirectional) WSS metrics using computational fluid dynamics
(CFD).
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Figure 6.1: The association between change in IVUS derived plaque size and T1 WSS levels. A) IVUS (pink) and CT
(white) contours were fused to reconstruct the grey lumen surface which was used as input for CFD together with
local flow measurements, resulting in local WSS values (yellow=high; blue=low). B) From the 3D reconstructions,
a 2D map of the WSS levels at T1 and of the wall thickness (WT, T1-T3) was created. For the analysis, the artery
was divided in 3mm/45° sectors. C) The mean (±SD) WT at T1-T3 in SR and FR pigs. ∗p <0.05 compared to
one time point earlier. D) The relation between the five WSS metrics at T1 and the estimated ∆WT/month (mm)
(mean±SEM) (T1-Tlast) in FR pigs. The WSS metrics were divided in low (black bars), mid (grey bars) and high
(white bars) tertiles per artery. ∗p <0.05 compared to the low tertile, #p <0.05 compared to the mid tertile.
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In detail, for the 3D reconstruction of the coronary arteries, the CTA scan was recon-
structed over a 300 ms time window at diastole to ensure maximal filling of the coronary
arteries, including all side branches. Semi-automatic CTA segmentation (Schaap et al.,
2009) was performed in Mevislab (Bremen, Germany) whereby the centreline of the
coronary artery was determined. The IVUS images were longitudinally and circumfer-
entially registered to the CTA using the location of side branches. Subsequently, the
IVUS lumen and wall contours were placed at the corresponding location on the cen-
treline. The side branches and the proximal and distal ends of the artery outside of the
IVUS region were segmented on CTA. These CTA contours were scaled to match the
IVUS lumen contours of the main artery to account for incomplete filling of the artery or
for the blooming effect of the contrast. The IVUS contours (main artery and thus region-
of-interest) and CTA contours (proximal and distal section outside the IVUS region and
the side branches) were fused to reconstruct a 3D geometry of the luminal surface of the
whole coronary artery.

6.2.6 Boundary conditions and computational fluid dynamics

For the computational fluid dynamics (CFD), flow distribution through the side branches
was applied at the outlets of each vessel model. The flow distribution was derived from
the intravascular Doppler-derived velocity measurements. Quality of these measurements
was assessed by an experienced committee (AH, AK, EH, FG, JW) and only reliable
measurements were used to determine the velocity rate in the corresponding arterial seg-
ment where the measurement was performed. For regions where no (reliable) flow mea-
surements were available, the Huo-Kassab diameter-based scaling law (Huo and Kassab,
2012) was applied to determine the flow distribution between the main branch and the
side branch. The most proximal good flow measurement was used for a time-dependent
velocity waveform that was imposed on the inlet of the artery. Furthermore, the vessel
lumen was considered as rigid and subjected to no-slip boundary condition. Blood was
assumed to behave as shear-thinning fluid and was modelled according to the Carreau
model (Seo et al., 2005). Each 3D geometry of the lumen at T1 was converted to a tetra-
hedral mesh in ICEM CFD (v.17.1, ANSYS Inc., Canonsburg, PA, USA) which was used
for CFD simulations. The mesh size was determined by a mesh independence study (er-
rors <1% of shear stress were allowed), resulting in a typical element size of 0.05 mm.
Unsteady CFD simulations were performed using Fluent (v.17.1, ANSYS Inc.). The so-
lution procedure was carried out following previously described methods in chapter 3
and chapter 5.
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6.2.7 Analysis

To assess the association between baseline WSS levels and plaque composition, OCT
and NIRS-IVUS data at Tlast were matched to the T1 IVUS pullback to allow a direct
coupling to the 3D lumen geometry and thus the WSS data. The match was performed
both longitudinally and circumferentially based on the location of side branches. Analy-
sis of the OCT-WSS data and of the NIRS-WSS data at Tlast was performed in 3mm/45°
sectors (Figure 6.1B). For each individual artery, the WSS metrics at T1 were divided
into artery-specific tertiles (low, mid and high) (Table 6.1). Sectors regarded as ‘positive’
on OCT (fibrous or lipid-rich) or on NIRS (a ‘high probability’ (>60%)) were selected.
The distribution of preceding WSS tertiles at T1 was assessed as a percentage of all OCT
or NIRS positive sectors.

To match the histology data with WSS, the 3mm-segments were matched on the IVUS
pullback taken at the Tlast. Matching was performed in longitudinal direction and was
based on the location of side branches and typical plaque components like calcifica-
tions. Between the matching points, the histology blocks were linearly divided. Since
the matching between histology and IVUS was not performed in circumferential direc-
tion, the WSS data of each matched 3mm segment was averaged circumferentially. All
data on plaque growth (ΔWT) were expressed as ΔWT per month on high-fat diet.

6.2.8 Statistics

IBM SPSS Statistics (version 24.0) software was used for statistical analysis. Normally
distributed data are shown as mean±standard deviation (SD) and statistical difference
was determined with an unpaired t-test, a paired t-test, or repeated measures ANOVA
with Bonferroni post-hoc testing, as appropriate. Statistical differences in frequency dis-
tributions were assessed using a Chi-square test. Non-normally distributed data are pre-
sented as median (inter-quartile range (IQR)) and statistical difference was determined
with a Mann-Whitney U test. Statistical analysis of the WSS data was performed us-
ing a generalized-estimators equation model, with WSS as fixed factor and the individ-
ual vessel as random factor, adjusting for cholesterol levels. The Bonferroni correction
was applied to adjust for multiple comparisons between the WSS tertiles. In all figures
that display the association between plaque size and the five WSS-metrics, the estimated
means and standard errors derived from this model are displayed. p<0.05 was regarded
as significant.
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Table 6.1: WSS metric tertile cut-off values

Pig ID TAWSS [Pa] OSI [-] RRT [Pa−1] CFI [-] TransWSS [Pa]
& vessel Low High Low High Low High Low High Low High
1 LAD 0.855 1.142 0.004 0.013 0.906 1.234 0.081 0.144 0.048 0.090
1 LCX 0.291 0.372 0.0003 0.001 2.824 3.570 0.029 0.049 0.009 0.015
1 RCA 0.629 0.848 0.008 0.023 1.217 1.707 0.127 0.193 0.050 0.090
2 LAD 0.920 1.288 0.002 0.009 0.823 1.211 0.063 0.134 0.059 0.094
2 LCX 0.559 0.592 0.0001 0.0003 1.697 1.794 0.020 0.030 0.010 0.017
2 RCA 0.723 1.030 0.001 0.010 0.983 1.467 0.054 0.115 0.039 0.067
3 LAD 1.057 1.347 0.0004 0.002 0.758 0.977 0.044 0.099 0.035 0.069
3 LCX 0.599 0.703 0.0001 0.0004 1.447 1.708 0.016 0.034 0.010 0.018
3 RCA 0.908 1.212 0.0006 0.003 0.838 1.129 0.042 0.097 0.035 0.064
4 LAD 0.841 1.003 0.0006 0.002 1.026 1.222 0.049 0.087 0.027 0.054
4 LCX 0.962 1.302 0.0002 0.001 0.775 1.095 0.026 0.056 0.025 0.053
4 RCA 0.851 1.029 0.0004 0.001 0.982 1.186 0.036 0.063 0.027 0.042
5 LAD 1.098 1.426 0.0004 0.001 0.712 0.935 0.036 0.069 0.037 0.068
5 LCX 0.678 0.804 0.002 0.004 1.251 1.490 0.059 0.094 0.040 0.060
5 RCA 0.460 0.507 0.001 0.001 1.991 2.196 0.039 0.064 0.015 0.024
6 LAD 0.644 0.744 0.002 0.004 1.374 1.629 0.068 0.112 0.031 0.053
6 LCX 0.980 1.394 0.0002 0.001 0.732 1.037 0.023 0.048 0.026 0.045
6 RCA 0.532 0.617 0.0005 0.002 1.640 1.890 0.037 0.072 0.019 0.034
7 LAD 0.703 0.935 0.0003 0.002 1.109 1.458 0.037 0.084 0.023 0.041
7 LCX 0.398 0.442 0.0004 0.001 2.281 2.536 0.036 0.065 0.015 0.025
7 RCA 0.565 0.722 0.0006 0.002 1.412 1.875 0.042 0.083 0.021 0.042
8 LAD 0.544 0.649 0.007 0.017 1.620 1.914 0.093 0.149 0.029 0.046
8 LCX 0.899 0.976 0.0001 0.0002 1.030 1.117 0.014 0.028 0.013 0.025
8 RCA 1.602 2.232 0.0008 0.003 0.457 0.644 0.059 0.101 0.078 0.147
9 LAD 1.259 1.629 0.004 0.022 0.648 0.896 0.123 0.208 0.097 0.162
9 LCX 0.952 1.261 0.003 0.007 0.837 1.076 0.074 0.133 0.053 0.084
9 RCA 0.572 0.717 0.0004 0.001 1.423 1.795 0.035 0.065 0.020 0.035
10 LAD 0.397 0.492 0.0007 0.006 2.113 2.601 0.043 0.092 0.012 0.023
10 LCX 0.536 0.633 0.0001 0.0003 1.596 1.876 0.018 0.034 0.011 0.017
10 RCA 0.522 0.561 0.0001 0.0003 1.789 1.923 0.014 0.031 0.008 0.018
Average 0.752 0.953 0.002 0.005 1.278 1.571 0.048 0.087 0.031 0.054
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6.3 Results

Of the ten pigs, one pig died during feeding, a day after the invasive imaging procedure
at T2 due to an unknown cause. One pig had to be sacrificed between T2 and T3 because
of suffering from thrombosis in the leg. Data of these pigs have been included in the
analysis, although imaging information at T3 is missing. Therefore T2 was considered
as Tlast. For the the other pigs, T3 equalled Tlast. In total, 30 vessels relating to 3627
3mm/45° sectors were analysed.

6.3.1 Fast and slow responding pigs

Although all pigs had the same mutation and were fed the same diet, 5 of the 10 pigs
developed large, lumen intruding coronary plaques (plaque burden (PB) >40%) (fast re-
sponders, FRs) within 9 months, while the other 5 pigs only developed limited atheroscle-
rosis (PB<40%) within 12 months follow-up (slow responders, SR)). The two groups of
pigs showed no difference in weight (SRs: 87 kg (85–92) vs. FRs 87 kg (77–93), p=ns)
and in cholesterol, LDL, HDL levels (10.7±2.8 vs. 12.9±4.4; 8.7±2.8 vs. 12.2±5.7 and
3.1±0.9 vs. 3.0±0.8 mmol/L in SR versus FR respectively; all p=ns).

6.3.2 Increase in IVUS-measured plaque size was associated with low and
multidirectional WSS

Overall, the FRs demonstrated a significant increase of the average WT over the three
imaging time points (T1-T3) (p<0.001), which was less pronounced, but also signifi-
cant in the SRs (p<0.001) (Figure 6.1C). In the FR pigs, coronary segments exposed to
low baseline levels of TAWSS exhibited a significantly larger plaque growth per month
between T1-Tlast compared to regions with either mid or high TAWSS (p<0.05). Fur-
thermore, in FRs, the multidirectional WSS metrics OSI, RRT and CFI positively cor-
related with plaque growth, with high multidirectionality resulting in the largest growth
(Figure 6.1D). The positive predictive values (PPV) of the WSS metrics for plaque pres-
ence (WT>0.5mm) at Tlast were 50% (low TAWSS), 48% (high OSI), 49% (high RRT),
47% (high CFI) and 43% (high transWSS). In contrast, in the SR pigs, no relation was
found between the plaque growth rate and all baseline WSS metrics (Figure 6.2) and a
PPV analysis was not applied since only 10 segments (of the total of 1747 segments)
presented with a WT>0.5 mm.
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Figure 6.2: Association between change in plaque size and WSS levels in the SR pigs.
*p<0.05 compared to the low tertile.

6.3.3 OCT lipid-rich plaques and NIRS-positive plaques were most often
preceded by low and multidirectional WSS

Analysis of the NIRS signal at Tlast (Figure 6.3A) showed that 33 sectors derived from
6 arteries of the FRs demonstrated a positive NIRS signal. These NIRS positive sectors
were most frequently preceded by low TAWSS (p=0.10) or high OSI (p<0.05), RRT
(p=0.08) or CFI (p<0.05) (Figure 6.3B). Only transWSS showed no relation with NIRS-
positive plaque development. For the OCT analysis (Figure 6.3A), 2 pullbacks from
Tlast had to be excluded due to bad image quality or technical problems. From the
remaining pullbacks at Tlast, 668 sectors from 14 arteries of the FRs and 66 sectors
from 10 arteries of the SRs showed plaque presence. In the FRs the plaque positive
sectors could be characterised as either a fibrous (n=196), lipid-rich (n=469) or FCA
(lipid pool) (n=3) plaque (Figure 6.3D). Since the FCAs (with lipid-pool) were scarce,
no statistical analysis and thus no WSS analysis could be performed on this plaque type.
The development of a fibrous plaque showed no relation with baseline WSS levels in both
types of pigs. In contrast, OCT lipid-rich plaques were most frequently preceded by low
and multidirectional WSS in the FRs (p<0.05) (Figure 6.3C), but not in the SRs (p=NS,
data of the SRs not shown).
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Figure 6.3: Association between baseline WSS levels and plaque composition detected by OCT and NIRS in fast
responders (FRs). A) OCT and NIRS analysis method: all positive 3mm/45° sectors were selected. Within these
positive regions, the positive sectors (%) that was preceded by one of the WSS tertiles was quantified. B) The
NIRS-positive sectors (%) that was preceded by low (black bars), mid (grey bars) or high (white bars) levels of
the respective WSS tertiles. C) The sectors (%) presenting fibrous or lipid-rich plaque that was preceded by low
(black bars), mid (grey bars) or high (white bars) levels of the respective WSS metrics. Fibrous plaques displayed
no significant relation (p=ns). D) Examples of fibrous, lipid rich and FCA (arrowhead) plaques on OCT. n=number
of sectors of FRs presenting with each respective plaque classification at Tlast.*p<0.05 for the overall relation.
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6.3.4 Low and multidirectional WSS promoted the development of advanced
histological plaque classes

For a detailed analysis of the association between histological plaque classification, com-
position and WSS levels, 190 3mm-segments (15 arteries) from FRs and 145 3mm-
segments (13 arteries) derived from SRs could be reliably matched. In the SRs, no
association was observed between any WSS metrics and the plaque composition (Fig-
ure 6.4). In the FRs, the absolute levels of OSI, RRT and CFI were higher in regions
where the most advanced plaque type (i.e., FCA) developed, compared to regions with
no plaque or IT (p<0.05) (Figure 6.5A). The absolute levels of TAWSS and CFI did not
differ between the plaque types in the FRs (p=ns, Figure 6.4). Upon division of the WSS
metrics into tertiles, regions with either low TAWSS, high OSI or high RRT displayed
the most advanced plaque phenotype (p<0.05) (Figure 6.5C), while this association was
not observed for transWSS and CFI (data not shown). The PPVs for the presence of a
FCA were 61% (low TAWSS), 58% (high OSI), 61% (high RRT), 59% (high CFI) and
49% (high transWSS).

These results were supported by a more detailed assessment of the plaque composition in
the FRs, in which we observed that in regions with low and multidirectional WSS (OSI,
RRT and CFI), plaques presented with the largest lipid, macrophage and necrotic core
area (p<0.05) (Figure 6.6). Again, transWSS showed no relation with plaque composi-
tion (p=NS).

6.4 Discussion

In the present study, we performed an serial, multimodality imaging protocol in conjunc-
tion with histological analyses to assess the influence of (multidirectional) WSS on the
natural development, progression and composition of coronary atherosclerotic plaques
in adult familial hypercholesterolemia pigs. The results of the study demonstrated that:
1) plaque growth and an advanced plaque phenotype as seen on NIRS, OCT and histol-
ogy, were strongly associated with low and multidirectional WSS at baseline in the fast
responders; 2) multidirectional WSS metrics have a good positive predictive value for
development of plaque, and an even better predictive value for advanced plaque compo-
sition, but only in the fast responders; 3) a large difference was observed between slow
and fast responding pigs with regard to plaque development and response to WSS.
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Figure 6.4: Histological plaque composition and the relation with WSS metrics. A)
The relationship between absolute baseline TAWSS and transWSS levels and the ob-
served histological plaque classification upon Tlast in the FRs. B) The absolute lipid
or macrophage area observed in regions with either preceding low (black bars), mid
(grey bars) or high (white bars) levels of the respective WSS metrics in the SR pigs. No
significant relationships were observed (A+B).
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6.4.1 Relation of low and multidirectional WSS with plaque growth and
composition

It is vital to distinguish the role of WSS in the different stages of atherosclerosis when
comparing results from WSS studies (Wentzel et al., 2012). In clinical studies, the pres-
ence of advanced disease and larger stenosis degrees lead to local elevation of the WSS
which inevitably results in a stronger association between large, advanced plaques and
high WSS. In these advanced disease stages, WSS serves as a marker for the localiza-
tion of the largest and most vulnerable plaques, as very recently confirmed in a study of
Kumar et al. (2018), or as a predictor for plaque destabilization (Slager et al., 2005). Fur-
thermore, since patients with advanced disease are often put on statin treatment, known
to induce plaque regression, studying the role of WSS in plaque progression in these
studies cannot be seen independent from optimal medical therapy. Pre-clinical studies,
or clinical studies that exclude narrowed arterial regions, are the only way to assess the
causal role of WSS in plaque intitation and progression. In this discussion, considering
the scope of our study design, we focussed on the role of (multidirectional) WSS in early
disease development.

Previous studies on low TAWSS and high OSI or RRT tend to confirm the hypothesis
that plaques develop and progress in regions with low and multidirectional WSS (Chatz-
izisis et al., 2008; Koskinas et al., 2010; Peiffer et al., 2013a). However, since absolute
WSS levels are highly dependent on the used methodology, a reliable comparison of the
effect of multidirectional WSS parameters is only possible within one study. With this
study, we are the first to assess and compare the effect of five different (multidirectional)
WSS metrics on plaque development and composition. With regard to the development
of plaque, we showed that low TAWSS and high levels of OSI, RRT and CFI lead to
the largest plaque growth. Only transWSS did not demonstrate a relation with plaque
development, contrasting the results presented by Peiffer et al. (2013b) in rabbit aorta.
However, since CFI, the normalized version of transWSS, did demonstrate a clear rela-
tion in our study, the magnitude of WSS perpendicular to the mean WSS vector does
influence plaque growth.

Not only plaque size, but also plaque composition is important for risk-assessment of
coronary events (Garcia-Garcia et al., 2014). We are the first pre-clinical study that ap-
plied invasive imaging, together with an extensive histological analysis to assess the ef-
fect of WSS on plaque composition. NIRS is the first in vivo imaging technique that
can detect lipid core plaques and thereby also FCAs (Gardner et al., 2008). In two hu-
man studies with advanced disease, a correlation has been shown between (the devel-
opment of) a positive NIRS signal and high TAWSS (Shishikura et al., 2018; Wentzel
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et al., 2010). Such a relation has never been described for earlier disease stages. In
this study, we demonstrated a trend between NIRS positive plaques and preceding low
TAWSS. Furthermore, multidirectional WSS metrics even showed a stronger effect since
NIRS-positive plaque development was significantly more often preceded by high OSI
and CFI levels compared to low multidirectional WSS. However, since the number and
size of NIRS-positive regions was limited, our results on the correlation between WSS
and NIRS should be interpreted with care.

The relationship between (multidirectional) WSS and lipid-rich plaques derived from
NIRS imaging was confirmed by OCT. Unfortunately, the number of OCT-detected FCAs
was much lower compared to our histological findings. Reassessment of the accompany-
ing histological data revealed that many lipid-rich necrotic cores are apparently invisible
on OCT, hypothetically because they are ‘shielded’ by a layer of lipids in the cap struc-
ture.

Previous pre-clinical studies applied histology to determine the relation between plaque
composition and WSS. These studies demonstrated that the development of advanced
plaques with lipid and inflammatory cell infiltration was associated with low WSS (Chatz-
izisis et al., 2008; Koskinas et al., 2010; Millon et al., 2015; Pedrigi et al., 2015). Fur-
thermore, Pedrigi et al. (2015), who used a perivascular cuff to induce atherosclerosis
formation, concluded that besides low WSS, also a variant metric of the transWSS was
associated with advanced plaques. Unfortunately, implantation of a perivascular device
may inadvertently induce damage and stress to the outer vessel wall and thereby interfere
with the process of plaque development, independent of WSS levels. In light of these
considerations, we elected to use a porcine model of natural disease development. With
this model, we demonstrated with histology that advanced plaques with a higher lipid and
inflammatory cell content and larger necrotic cores developed in regions with low WSS,
confirming the results from previous studies (Chatzizisis et al., 2008; Koskinas et al.,
2010; Millon et al., 2015; Pedrigi et al., 2015). Furthermore, we demonstrated that the
multidirectional metrics OSI, RRT and CFI, but not transWSS, were strongly associated
with the development of plaques with an advanced and complex composition.

6.4.2 The predictive value of multidirectional WSS metrics

To apply WSS measurements in the clinic, establishing its positive predictive value for
plaque progression is important, which has been assessed in several studies. The PRE-
DICTION study (Stone et al., 2012) reported a positive predictive value of low TAWSS
of 25% in comparison to 50% in our study, which could be explained, at least in part, by
the fact that all patients were put on statin treatment. In stable ACS patients, Rikhtegar
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et al. (Rikhtegar et al., 2012) reported that multidirectional WSS parameters might be a
better predictor for plaque localization at one time point than low TAWSS (low TAWSS:
31%; high OSI: 35%; high RRT: 49%). In our study, where the effect of WSS metrics
on plaque development over time was assessed, we show that low TAWSS and high RRT
are the best predictors, partially contrasting the results of Rikhtegar et al. Finally, while
most studies have evaluated the PPV of WSS for plaque size, we are the first to assess the
predictive value of WSS for plaque composition. Interestingly, we observed that WSS
might be an even better predictor for the development of FCA than for plaque size (PPV
of 61% versus 50% for TAWSS and RRT).

6.4.3 Fast and slow responders: difference in plaque growth and response
to WSS metrics

We observed clear differences in plaque size and growth, but also in the response to
WSS between SR and FR animals. Although the absolute WT was much lower in the
SRs compared to the FRs, the growth rate of the SRs resembles the growth rate seen in
humans (Samady et al., 2011). So far, no biological reasons, including cholesterol levels
and diet, could be identified for the difference between both groups. Interestingly, and
in stark contrast to the plaque development in the FRs, the development of plaques in
SRs was independent of WSS. Unfortunately, comparison of these results to other pre-
clinical WSS literature is difficult, since animals that present with limited plaque growth
are regarded as ‘non-responders’ and are often not taken into account for analysis. To
make an honest assessment of the role of WSS in plaque development, we retained the
SR pigs in the analysis. The large difference in response to WSS between FRs and
SRs could provide a very interesting basis for the discovery of biological factors that
potentially interact with the effect of WSS on coronary plaque development.

6.4.4 Limitations

The present study has a number of limitations. First, the number of pigs used in this study
was small and the unexpected split into fast and slow responders further reduced the num-
ber of arteries that was available to investigate advanced plaque development. However,
multiple segments within one coronary artery were analysed to capture the local WSS
effect. A generalized estimated equations model was applied to correct for remaining
dependencies. Using this approach, a statistically significant effect of multidirectional
WSS on plaque development could be identified. Furthermore, since the absolute levels
of OSI, CFI and transWSS were low, the division of the WSS tertiles could be considered
as somewhat artificial. Still, we did find significant relations between these metrics and
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both plaque size and composition.

6.4.5 Conclusion

The present study combined detailed invasive imaging and histopathology to demon-
strate that natural plaque development and advanced plaque composition were highly
associated with low and multidirectional WSS metrics (i.e. OSI, RRT and CFI). Only
transWSS could not be linked to advanced plaque growth. While the predictive values
of the individual multidirectional WSS metrics for plaque growth were high, advanced
plaque composition was even more reliably predicted by multidirectional WSS metrics.
This highlights the potential of multidirectional WSS as a predictive clinical marker for
vulnerable disease.
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7Wall Stress in Coronary
Atherosclerotic Plaques with an

Incomplete Necrotic Core Geometry

Based on: Kok AM, Speelman L, Virmani R, van der Steen AFW, Gijsen FJH, Wentzel
JJ. Peak cap stress calculations in coronary atherosclerotic plaques with an incomplete
necrotic core geometry. Biomed Eng Online. 2016; 15(1):48

ABSTRACT
In vivo plaque geometry and composition of coronary arteries can merely be obtained via
intravascular imaging. Only optical driven imaging techniques have sufficient resolution
to visualize the fibrous cap, but due to limited penetration depth deeper components such
as the backside of the necrotic core (NC) are generally not visible. This study investi-
gated whether peak cap stresses can be approximated by reconstructing the backside of
the NC. Manual segmentations of coronary histological cross sections served as a geo-
metrical ground truth and were obtained from seven patients resulting in 73 NCs. Next,
the backside was removed and reconstructed according to an estimation of the relative
necrotic core thickness (rNCt). The rNCt was estimated at three locations along the
NC angle and based on either group averaged parameters or plaque specific parameters.
Stress calculations were performed in both the ground truth geometry and the recon-
structed geometries and compared. Good geometrical agreement was found between the
ground truth NC and the reconstructed NCs, based on group averaged rNCt estimation
and plaque specific rNCt estimation, measuring the NC area difference (25.1% IQR: 14.0
– 41.3% and 17.9% IQR: 9.81 – 32.7%) and similarity index (0.85 IQR: 0.77 – 0.90 and
0.88 IQR: 0.79 – 0.91). The peak cap stresses obtained with both reconstruction meth-
ods showed a high correlation with respect to the ground truth, r2 = 0.91 and r2 = 0.95,
respectively. For high stress plaques, the peak cap stress difference with respect to the
ground truth significantly improved for the NC reconstruction based plaque specific fea-
tures (6%) compared to the reconstruction group averaged based (16%). In conclusion,
this study showed that reconstruction of the backside of a NC can be performed using
either group averaged NC data or plaque specific NC data.
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7.1 Introduction

The main cause of myocardial infarction is coronary plaque rupture. Not all coronary
plaques will rupture; therefore it is of imminent importance to distinguish rupture prone
plaques from stable plaques. Pathological studies showed that rupture prone plaques con-
sists of a large necrotic core (NC), a thin fibrous cap and often are positively remodeled
(Schaar et al., 2004). However, geometric and compositional information appeared to be
insufficient to predict cardiovascular events, therefore new rupture risk parameters should
be investigated (Stone et al., 2011).

From a biomechanical point of view, plaque rupture occurs when the stresses in the cap
exceed the strength of the cap. Mechanical studies have shown that stress is an important
indicator for plaque vulnerability (Gijsen and Migliavacca, 2014; Tang et al., 2009; Wang
et al., 2015). Therefore, determining stresses in a cap can aid in predicting cap rupture. A
common technique to calculate stresses is by using finite element analysis (FEA). In order
to accurately calculate these stresses, blood pressure, material properties, and geometric
factors are required. The most important geometric factor influencing peak cap stress
(PCS) predictor is cap thickness, but also lumen size and shape and NC size and shape
(Akyildiz et al., 2016, 2011; Finet et al., 2004; Gao and Long, 2008; Loree et al., 1992;
Ohayon et al., 2008).

To capture plaque geometry and composition in vivo, intravascular imaging is required.
The only imaging techniques with sufficient resolution to accurately visualize the cap
thickness are optical driven, such as optical coherence tomography. However, necrotic
core tissue highly attenuates light, and thereby limits the penetration depth. Conse-
quently, the NC geometry can become obscured, and thus is often only the front side
of the NC visible. In order to allow FEA the complete geometry of the NC is essen-
tial.

The goal of this study was to investigate whether peak cap stresses can be approximated
by reconstructing the backside of the NC. Therefore, we used a three-step approach: 1) a
model was generated based on the histology data to estimate the NC thickness at several
locations along the NC angle, 2) the backside of the NC was artificially removed and re-
constructed based on characteristics of the NCs, 3) stresses and geometries of the plaque
containing the reconstructed NC geometries were compared with the plaque containing
the ground truth NC.
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7.2 Material and methods

In order to reconstruct the backside of the NC, MATLAB (version 2014a, Mathworks
Inc., Natick, MA, USA) was used. Six steps were taken: 1) manual segmentation of
the coronary plaque geometry from histology (‘ground truth’), 2) geometrical charac-
terization was performed of all the plaques and NCs: to determine the group average
(relative) NC thickness at the center (50%) of the NC angle (midcap) and ±25% of the
NC angle (sidecaps) and corresponding plaque specific properties: cap thickness, NC
angle, and intima-media thickness (IMT) were determined, 3) plaque specific relation
between the relative NC thickness (rNCt) and plaque specific properties was determined
with a Generalized Estimation Equation (GEE) model, 4) the backside of the NC geom-
etry was removed and thereafter reconstructed based on group averaged rNCt estimation
and a plaque specific rNCt estimation, 5) geometry assessment: the reconstructed NC
geometries were compared with the ground truth geometry, and 6) the effect of the re-
construction on the PCS calculations was evaluated. All steps are explained in more
detail below.

7.2.1 Histology

Histology was used to obtain the NC geometry in atherosclerotic plaques to serve as the
geometrical ground truth. It is important to obtain representative plaque cross-sections.
Therefore, we used coronary plaque data of seven patients who died from severe coro-
nary artery disease. The specimens were obtained from CVpath (CVPath Institute, Inc.,
Gaithersburg, MD, USA). Only those cross-sections that contained at least one NC were
included. The coronary arteries were perfusion fixed in formalin at 100 mmHg prior to
the histological preparation. Each consecutive cross section had a distance of at least 200
µm to the next cross section in the longitudinal direction. In total, 54 cross sections (5
µm in thickness) were obtained from 13 different arteries of which 31 plaques included
one necrotic core and 21 contained two NCs. When multiple NCs were present in a cross
section, the NCs were treated separately; this resulted in 73 plaque geometries. A Modi-
fied Movat pentachrome staining was used to identify different plaque components. The
lumen, NC, intima, media and adventitia layer were manually delineated. The ground
truth contours were finalized during a consensus meeting.

7.2.2 Plaque and necrotic core characterization

Geometrical characterization of the atherosclerotic plaque was performed by determining
the geometrical properties of the plaque and the NC, see Figure 7.1A. First, the minimum
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cap thickness and the front side of the NC were determined from the perspective of the
lumen center, see Figure 7.1B. Second, the NC angle was determined as the angle of the
front side of the NC geometry, also with respect to the center of the lumen. Third, at three
locations along the NC angle, the NC thickness was determined: at the center (50%) of
the NC angle (midcap) and ±25% of the NC angle (±sidecap). Also, the cap thickness
and IMT were determined at these corresponding positions, see Figure 7.1A.

7.2.3 Group averaged necrotic core thickness estimation

From the plaque and NC characterization we obtained group averaged the NC thicknesses
at three different locations: midcap and both sidecap positions. To make it robust for all
plaque sizes, these NC thicknesses were divided by their corresponding IMT, hereafter
referred to as relative NC thickness (rNCt). The median of the whole plaque group was
calculated for the midcap position and the median was calculated for both sidecap posi-
tions. These two rNCt were then used in the NC reconstruction, this method is hereafter
referred to as the group averaged method.

7.2.4 Plaque specific necrotic core thickness estimation

Since, we assume that the NC thickness is depends on plaque characteristics, we devel-
oped a method that estimates the NC thickness on a plaque specific level. Generalized
Estimation Equation (GEE) model was used to determine a relationship between NC
thickness and plaque specific parameters. In order to determine if each parameter in the
model significantly contributed, the covariance matrix of β was determined. This was
done by a method previously described by Liang and Zeger et al. (Liang and Zeger,
1986). To also make the GEE model more robust, the rNCt was calculated. The plaque
specific geometrical parameters used as input for the GEE model consist of NC angle,
IMT, and cap thickness. We assume that the rNCt is symmetrical around the center of the
NC angle, therefore two relationships were derived; one for the midcap and one for the
combined sidecap positions. This relationship was defined as:

rNCti =β0 + βNCangle ∗ NCangle[rad]i+

βIMT ∗ IMT [µm]i + βcapT ∗ capT [µm]i
(7.1)

with i indicating the relation at midcap or ±sidecap and β the constants determined by the
GEE model. The GEE model was corrected for correlation amongst cross sections within
an artery (Ratcliffe and Shults, 2008). Next, for each plaque the rNCt at the midcap and
side cap positions was determined with the GEE model.

136



7.2. MATERIAL AND METHODS

A

Necrotic core angle

Intima media 
thickness 

(IMT)

Cap thickness

Necrotic core geometry based on 
histology (NChist)

Necrotic 
core thick-

ness

B

rNCt

Frontside of the 

necrotic core
+sidecap

rNCt
-sidecap

rNCt
+midcap

C

Reconstructed 
necrotic core 

geometry 
(NCrec)

Figure 7.1: A schematic overview of the coronary plaque (A) and the corresponding
reconstruction methodology (B and C). The adventitia (brown), media (dark orange),
intima (yellow) and the necrotic core (orange) were obtained by segmentations of the
ground truth. A) overview of the plaque specifics properties, B) the backside is removed
and the relative NC thicknesses (rNCt) (pink triangles) were calculated for the mid and
sidecaps, and C) the reconstruction of the necrotic core.
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7.2.5 Reconstruction

Optical driven imaging techniques suffer from fatty tissues, since they highly scatter and
absorb light, therefore limiting visualization beyond the NC. Thus, only the front side
of the NC can be visualized reliably. To account for this only the front line of the NC
was kept. This was done by drawing a line from the lumen center to each point in the
NC. If the point was not the first intersection it was removed, in this way the backside
of the NC was removed. The NC reconstruction was performed based on the group av-
erage rNCt estimations and the plaque specific rNCt estimation. The rNCt (at midcap
and sidecaps) were converted to the absolute NC thickness and were placed at the corre-
sponding positions. From histology we observed that NCs often have rounded features
at the edges. Therefore, a part of a circle was attached to the edges of the NC, this also
prevents geometric discontinuities in the reconstructed NC. The radius and angle of this
part of the circle was empirically determined by optimizing the overlapping areas of all
the reconstructed NCs with the ground truth areas. The optimized value for the angle was
30 [°] and the radius was dependent on the NC angle: 0.14[mm] ∗ NCangle[rad], these
values were used for all the NC reconstructions. A visualization and description of how
the center point of this circle was obtained is given in Figure 7.2.

o

1

2
3

30

Lumen

Figure 7.2: Schematic illustration of the creation of the side of the NC using part of a
circle. To calculate the center point of the circle used for creation of the side of the NC
a combination of circles was used. The center of circle 1 was located at the edge of the
necrotic core. One point in circle 1 intersects the cap, and this point is used as center
point for circle 2. Then the two circles intersect at two locations, and the intersection
most distant from the lumen was the center point of the final blue circle (3) for the side
of the necrotic core (blue dot). Together with the empirically determined radius and
angle the side can be reconstructed, see the black dotted line.

Hereafter the backside is closed with the attached part of the circle by forcing the poly-
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nomial function to go through the side of the attached part of the circles (Figure 7.1C).
In case the polynomial function intersects the media layer (n=20 for the group average
rNCt, n=8 for the plaque specific rNCt estimation), the NC area outside the intima is
removed. Since it is not physiological that the NC is attached to the medial layer, a small
layer was removed from the NC. In order not to alter the predicted geometry this layer
was kept very small (10 µm).

7.2.6 Geometry analysis

To investigate to what extent the reconstructed NC geometry corresponds with the histol-
ogy based NC geometry, two measures were used: 1) the similarity index (SI) and 2) the
relative difference in NC area, ΔA(%). The SI is a measure for overlap, defined as:

S I =
2 ∗ (AGT ∩ Arec)

AGT + Arec
(7.2)

with AGT the area of the ground truth NC geometry and Arec the area of the reconstructed
NC geometry. To quantify mismatches in area the ΔA(%):

4A(%) =
|Arec − AGT |

AGT
∗ 100% (7.3)

was used, with AGT the area of ground truth NC and Arec the area of the reconstructed
NC.

7.2.7 Wall stress calculation

Contours of the plaque with the ground truth NC and the reconstructed NC were im-
ported and meshed in Abaqus for FEA (version 6.13, Dassault Systemes Simulia Corp.,
Providence, RI, USA). All material properties were assumed to be homogeneous and in-
compressible. Neo-Hookean material models for all components were used, as was done
in similar parametric studies (Badel et al., 2014; Kelly-Arnold et al., 2013; Speelman
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et al., 2011). The mechanical properties of the components are listed in Table 7.1.

Table 7.1: Material properties of the buffer and different components in the plaque.

Material E-modulus
(kPa)

Poisson
ratio (-)

C10 (kPa) D1 (-) Reference

Intima 1000 0.498 166.7 1e-5 Holzapfel
et al.
(2005)

Media +

adventitia
1500 0.498 250 1e-5 Holzapfel

et al.
(2005)

Necrotic
core

6 0.498 1 1e-5 Loree et al.
(1994)

Buffer 60 0.45 10 0.02 Choi and
Zheng
(2005)

* C10 and D1 are constants to describe the Neo-Hookean model as used by Abaqus, representing the shear
and bulk modulus as: G=2 ∗ C10 and K=1/D1.

To restrain rigid body motion, a compressible soft buffer around the model was used
and the outer contour of the buffer was fully constrained. The material properties of
the buffer are also listed in Table 7.1. Plaque stresses were computed by solving the
mass and momentum equations. Linear tetrahedral elements were used with at least 7
elements at the minimum thickness of the cap. One simulation of a 2D plaque took
approximately 4 hours with typically 1 ∗ 106 elements on a standard desktop computer.
Due to pressure fixation in the histology process, the histology based geometry was not
stress free. Therefore, initial stresses up to 100 mmHg were calculated with the backward
incremental method (Speelman et al., 2011). Subsequently, a systolic blood pressure of
140 mmHg was applied. PCS was defined as the maximum von Mises stress in the
cap (defined as intima in front of the NC) and at the shoulders of the cap; defined as
the area 15 degrees adjacent to the cap, see Figure 7.3 (Akyildiz et al., 2016). Peak
cap stresses were calculated and analyzed for the intima of the geometry containing the
ground truth NC from histology (PCSGT), the reconstructed NC based on group average
rNCt estimation (PCSGA) and the NC based on plaque specific rNCt estimation (PCSPS).
The distance between the PCS location of the ground truth and the reconstructed plaque
was determined. Hereafter co-localization was determined based on visual inspection.

140



7.3. RESULTS

If the PCS was delocalized, displacement was classified as 1) shift from one side to the
other side of the NC 2) slight delocalization or 3) translocation from the lumen to the NC
side or vice versa.

Necrotic 
core angle

Shoulder 
regions

Cap 
region

Figure 7.3: A schematic illustration of the regions were the peak cap stress (PCS)
is determined. The PCS was defined as the maximum von Mises stress located in
either the cap region (striped area) or in the shoulder regions, 15° adjacent to the NC
(blocked area).

7.2.8 Statistics

The data was tested for normality with a Kolmogorov-Smirnov test. If the data was nor-
mally distributed, mean and standard deviation are given and differences between data
were tested with a paired t-test. Otherwise, the median and interquartile range were
given and a paired non-parametric test (Wilcoxon signed ranktest) was used to test for
significant differences. Statistical significance was considered as p < 0.05. The SI and
ΔA% were analyzed for the geometry of the ground truth NC (NCGT) vs. the recon-
structed NC based on group averaged rNCt (NCGA), and the reconstructed NC based on
the plaque specific rNCt (NCPS). Good similarity index was assumed to be at least SI >
0.8. Linear regression analysis was performed to compare peak wall stress of the different
models.

7.3 Results

On average, the 73 plaques had a minimum cap thickness of 0.20 mm (0.09 – 0.40 mm)
and NC angle of and 54° (35 – 75°). At the midcap location, the cap thickness, IMT, and
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absolute NC thickness were 0.30 mm (0.13 – 0.53 mm), 1.05 mm (0.89 – 1.29 mm), and
0.46 mm (0.27 – 0.54 mm), respectively. For the sidecaps, the cap thickness, IMT, and
absolute NC thickness were 0.31 mm (0.16 – 0.54 mm), 1.03 mm (0.84 – 1.24 mm), and
0.36 mm (0.21 – 0.51 mm). The median of the relative NC thicknesses at midcap and
sidecap positions were 0.40 and 0.35, respectively.

The GEE model showed a significant correlation between the estimated rNCt and the
ground truth rNCt: at midcap (r2 = 0.47) and at sidecap (r2 = 0.44), see Table 7.2. All pa-
rameters (cap thickness, IMT and NC angle) were found to have a significant contribution
for predicting the rNCt at both positions.

Table 7.2: Generalized Estimation Equation (GEE) parameters with their standard er-
rors. Predictive for the relative necrotic core thickness (rNCt), the r2 and p value of the
regression line between the actual rNCt value and the GEE model estimated value rNCt.

β0 βNCangle βIMT βcapT r2 P-value
rNCtmidcap 187 ±

55.4
63.3 ±
26.6

0.29 ±
0.07

-0.51 ±
0.08

0.47 < 0.05

rNCt±sidecap 175 ±
46.4

130 ±
19.8

0.18 ±
0.05

-0.42 ±
0.06

0.44 < 0.05

* All parameters with corresponding standard deviations are *1000 fold.

Figure 7.4 A-C shows a typical example of the segmentation and reconstruction of the
NC. The NC reconstruction based on group average (Figure 7.4 B underestimated (SI =

0.83) the NC area, whereas the plaque specific (Figure 7.4) NC reconstruction predicted
(SI = 0.93) the NC area better. For all plaques, the NCGA matched the NCGT well with
a SI and ΔA% of 0.85 (0.77 – 0.90) and 25.1% (14.0 – 41.3%), respectively. The NCPS
matched the NCGT even better with a SI and ΔA% of 0.88 (0.79 – 0.91) and 17.9%
(9.81 – 32.7%), respectively. The NC core geometries based on plaque specific rNCt
had significantly better SI and ΔA% (p < 0.01) opposed to the NC geometry that were
reconstructed solely based on group averaged rNCt.

For the typical example also the corresponding stress distribution in the fibrous cap of
the ground truth geometry, and the reconstructed geometries are depicted in Figure 7.4
D-F. The PCSGA and PCSPS for this example showed 18% and 6% PCS difference with
respect to the ground truth PCS. The absolute PCS values were 192 kPa (82.1 – 355
kPa) for the ground truth, 192 kPa (96.0 – 354 kPa) for the group average method and
196 kPa (95.6 – 369 kPa) for the plaque specific method. The overall difference in PCS
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Figure 7.4: From the histology image to stress calculations. A) Cross-sectional slice
from histology with the vessel wall, lumen, and necrotic core already delineated. B-F
are zoomed versions of (A) with necrotic core reconstruction based on the group aver-
aged NC data (B) and with necrotic core reconstruction based on the plaque specific
(C) rNCt estimation methods. D-F) are the wall stresses of the plaque containing the
necrotic core geometry from the ground truth (D), reconstruction of the necrotic core
based on group averaged data (E) and reconstruction of the necrotic core based on
plaque specific (F) method and the black triangles indicate the location of the peak
cap stress.
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between PCSGT vs. PCSGA was 15% (5 – 25%) and PCSGT versus PCSPS was 8% (5 –
23%). For all plaques, no significant difference was found in peak cap stresses between
both reconstruction methods and the ground truth, only PCSGA versus PCSPS showed a
significant difference (p<0.05). The correlation between the PCS of the ground truth and
the PCS of the reconstructed geometries are shown in Figure 7.5. Both the PCSGA and
PCSPS showed a high correlation with PCSGT, r2 = 0.91 and r2 = 0.95, respectively. The
PCSGT vs. PCSGA showed a higher offset and lower slope compared to the regression
line obtained with the PCSGT vs. PCSPS.
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Figure 7.5: The peak cap stress (PCS) of 73 plaque models from ground truth (his-
tology) (x-axis) versus the peak cap stress of the reconstructed necrotic core geometry
(y-axis) are depicted. In A) the PCS based on the NC reconstruction using group av-
eraged rNCt estimation, PCSGA, and B) PCS based on the NC reconstruction using
the plaque specific rNCt estimation, PCSPS. The closed circles indicate the cases for
which the locations of the peak cap stresses was not shifted with respect to the ground
truth, whereas the open circles did shift.

In Figure 7.5A, there seems to be a visual cut-off value at 300 kPa were the group aver-
aged method seems to underestimate the peak cap stresses. Coincidentally, this 300 kPa
threshold is also mentioned in literature as a rupture risk threshold (Cheng et al., 1993).
In order to investigate if the high PCSGT were better estimated for the PCSPS than the
PCSGA, the cross sections were divided based on the PCS in a low (<300 kPa) and high
stress (>300 kPa) group. Next, for both groups the PCS differences with respect to the
ground truth were calculated. For the plaques with PCSGT below 300 kPa both recon-
struction methods showed 15% difference in PCS (p>0.05) compared to the ground truth.
Interestingly, for the plaques with relative high PCSGT (>300 kPa), the PCS difference
was 16% for the group averaged rNCt and only 6% for the plaque specific rNCt based
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reconstruction (p<0.05).

The distance between the locations of the PCS in the ground truth compared to the re-
constructed geometries were evaluated. Since the distance between the location of the
PCSGT and PCSGA was not different from the distance between the location of PCSGT
and PCSPS (p = 0.29), only the distances between PCSGT and PCSPS are hereafter listed.
In 67% (n = 49), the location of the PCSPS was similar as the location of the PCSGT,
with a distance of 4.13 µm (2.66 – 17.6 µm), indicated by the closed circles in Figure 7.5.
For the remaining 33% of the data (n=24), the location of the PCS was not similar and
is depicted in Figure 7.5 by the open circles. The shift in PCS was 1) from one side of
the NC to the other side (n=9) with a distance of 0.99 mm (0.72 – 1.47 mm) or 2) at the
same side (n=4) with a distance of 0.21 mm (0.07 – 0.66 mm) or 3) translocated from
the lumen side towards the front side of the NC or vice versa (n=11) with a distance of
0.92 mm (0.24 – 1.32 mm). For plaques that showed a shift in the peak stress location,
the difference in PCS compared to the ground truth was larger (35%) than for plaques
with the same peak stress location (11%). The PCSPS that were not at the same locations
as the PCSGT had stresses mostly below 300 kPa and represent the more stable plaque:
160 kPa (93.9 – 226 kPa), respectively. For the PCSPS at the same location as the ground
truth the stresses had a higher variation: 281 kPa (102 – 392 kPa).

7.4 Discussion

In this study, we analyzed the effect of the reconstruction of the missing NC backside with
respect to geometry and stress calculations. The backside of the NC can be obscured due
to limited penetration depth of in vivo light based imaging in coronary arteries. Histologi-
cal cross-sections (‘ground truth’) were used to characterize the plaque and to reconstruct
the NC geometry. Reconstruction was performed by determining the relative NC thick-
ness (rNCt) at three locations along the NC angle. The rNCt was either based on a group
average or plaque specific parameters. Subsequently, the reconstructed NC geometries
and the corresponding plaques from both methods were compared with the ground truth
regarding the geometry and PCS. The following are the two main findings of this study:
1) high agreement was found between the NC geometries and the corresponding peak
cap stresses of the reconstructed NCs and the ground truth, 2) reconstructing the NC
based on average NC data resulted in underestimated peak cap stresses for high stress
plaques only, whereas including plaque specific data for the NC reconstruction improved
the stress prediction for these high stress plaques.

In terms of PCS prediction in the low PCS group (<300 kPa), representing the more stable
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plaques, both NC reconstruction methods performed equally well, resulting both in 15%
difference in PCS. This is relative low compared to changes in PCS in idealized models
due to cap material properties (55 – 200%) (Akyildiz et al., 2011). In patient specific
plaque geometries, the PCS showed to have two independent predictors: cap thickness
and lumen curvature (Akyildiz et al., 2016). In the current study, the cap thickness and
lumen geometry were unchanged, which may explain the relative good prediction of the
peak cap stresses with the NC reconstruction methods.

A significant improvement in PCS was found for high PCS group (>300 kPa) using the
plaque specific NC reconstruction method. This could be explained by the fact that an
increase in NC area affects the PCS more in thin compared to thick fibrous caps (Aky-
ildiz et al., 2011). Thus, it is likely that for high stress plaques, which have in general
thin caps, a more precise reconstruction of the NC results would result in more accurate
PCS prediction. Indeed, our data showed that for the plaques with a thin cap (<0.20
mm), a) the corresponding SI and ΔA% significantly improved using plaque specific NC
reconstruction method (SI: 0.83 vs 0.87 and ΔA%: 25% vs. 14%) b) the PCS estima-
tion improved with respect to PCSGT when using plaque specific information (difference
PCSGA: 14% and PCSPS : 7%) whereas plaques with a thick cap did not show a signifi-
cant improvement (15% vs. 18%).

For in vivo PCS computations in (vulnerable) coronary plaques, visualization of the cap
is needed. The only possibility to obtain the cap thickness is with optical driven imag-
ing techniques (e.g. optical coherence tomography, OCT), but it has limited penetration
depth. Therefore the deeper lying tissues will become obscured, causing incomplete ge-
ometries for stress calculations. In this study, on purpose we investigated the influence of
the reconstruction of the NC only. Using histology as ground truth enabled us to isolate
the effects of reconstruction of the NC from possible other factors that can influence the
PCS calculation. Logically, if the NC is obscured also the deeper laying vessel wall is
missing. In a recent study it was shown that the vessel area in coronary arteries can be ap-
proximated by interpolating the non-obscured vessel wall (Kubo et al., 2015). Thus when
moving forward to a clinical application the latter technique should be combined with the
reconstruction of the NC to enable in vivo PCS calculations in coronary arteries.

Another attractive feature of OCT is that it shows potential to image macrophages. Ex-
tensive research showed that macrophages are linked with plaque instability (Lendon
et al., 1991; Moreno et al., 1994; van der Wal et al., 1994), therefore macrophages can be
interpreted as a surrogate marker of cap strength. Co-localization of PCS and presence of
macrophages might be instrumental in risk prediction. In that respect not only the PCS
is of importance, but also the location. In this study a number of the PCS locations were
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not co-localized with the PCSGT and thus might have consequences for risk prediction.
However, most of the plaques with incorrect PCS locations showed low peak cap stresses,
representing the more stable plaque.

Histological processing and variations in the manual segmentation might affect the ul-
timate geometry of the plaque and NC. We showed in an earlier study that histological
processing hardly affects the geometry compared to the in vivo situation (Groen et al.,
2010). However, since the model is tuned to this data-set, it is conceivable that varia-
tions because of the manual delineation and histological processing has some influence
on the outcome of this model. We expect that the peak cap stress is minimally influenced,
since we showed that the peak cap stress are hardly influenced by the exact geometry of
the backside of the NC, and we are therefore confident that the minor impact of intra-
and inter-observer variability on the model has also minor impact on the final stress.
Therefore, it will not change the main conclusion of this study. Despite the relative large
sample size of NCs (n = 73), the geometrical variation in the histology contours might
not completely represent the whole population of NCs, due to the limited number of pa-
tients (n=7). Little data is available on the geometrical variation of NC dimensions (e.g.
lipid angle and NC thickness at midcap and sidecaps of the lipid angle). In a study by
Gardner et al. (2008), lipid cores were only assessed in plaques with a lipid core >60° in
circumferential extent, >200 µm thick lipid core, and a mean fibrous cap thickness <450
µm. They found a median minimum cap thickness of 164 µm (IQR: 101 – 243 µm) µm,
an median lipid angle 102° (IQR: 77 – 132°), and an median NC thickness of 448 µm
(IQR: 315 – 565 µm) (Gardner et al., 2008). The NC thickness in our study showed a
similar range (461 µm, IQR: 268 - 543 µm), however, our median lipid angle was lower
and showed less variation: 54° (IQR: 35 – 75°). This might be not so accurate to the
estimation of the NC thickness and wall stress calculations for larger angles. However,
no significant differences were found in PCS between plaques with a NC angle below or
above the median NC angle of 60.9° (20.6% and 22.6%).

In the stress calculations of this study relative simple material models were chosen for
the plaque components. In diseased tissue there are usually extra collagen fibers present
to absorb higher stresses. Ideally, tissue nonlinearity and anisotropy should be taken
into account. However, to the knowledge of the authors, experimental data representing
anisotropy in coronary arteries is not available. Although in carotid arteries this data
is available, the dispersion range is so high that modeling with isotropic model could
suffice (Chai et al., 2014). In addition to anisotropy and the geometric factors other
factors will also influence the absolute values of PCS, such as, luminal pressure, initial
stress, residual stress, 2D vs 3D assumptions, and material properties. The latter, might
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be the most important one, since it was shown that in an idealized geometry the PCS
could change 200 %, just by changing the material properties of the intima. Since in this
study in all models, the ground truth and reconstructed, the same material properties were
used, no differences in absolute PCS based on the material properties may be expected.
Therefore, conclusions on the reconstruction methodology and resulting differences in
PCS still hold. However, when performing plaque specific risk analysis, nonlinearity and
anisotropy will definitely impact the stresses.

In this study, we only retain the front line of the NC such that it resembles the optical
driven imaging techniques. Another approach would be removing the NC behind a cer-
tain distance from the lumen. In this way, other features such as the edges of the NC and
NC area change. It would be interesting to investigate to what extent these edges and
area change affect the PCS calculation. However, it is arguable whether these methods
will affect our results, since we already observed that a significant area difference did
not result in a significant PCS change between the reconstruction methods. Another ap-
proach to refine our method in future work is to improve the GEE model by categorizing
NC cores based on, size, shape, and location in the vessel wall. This refinement will
probably improve the predictive value of the GEE model. However, we already showed
that the PCS estimation between the group averaged and plaque specific method does not
differ that much. Therefore, it is arguable whether this categorizing method will show an
improvement in cap stress.

7.5 Conclusions

In conclusion, this study showed that reconstruction of the backside of a NC can be
performed using either group averaged NC data or plaque specific NC data. A high cor-
relation was found between peak cap stresses as obtained with the ground truth geometry
and the peak cap stresses of both reconstruction methods. Although using group averaged
NC data for the reconstruction of the backside of the NC performs well for the stress cal-
culations, including plaque specific data in the NC reconstruction method improves the
stress prediction, especially for high stress plaques.
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8Model-based cap thickness and peak
cap stress prediction for carotid

MRI.

Based on: Kok AM, van der Lugt A, Verhagen HJM, van der Steen AFW, Wentzel JJ,
Gijsen FJH. Model-based cap thickness and peak cap stress prediction for carotid MRI.
J Biomech. 2017;60:175-180.

ABSTRACT
A rupture-prone carotid plaque can potentially be identified by calculating the peak cap
stress (PCS). For these calculations, plaque geometry from MRI is often used. Un-
fortunately, MRI is hampered by a low resolution, leading to an overestimation of cap
thickness and an underestimation of PCS. We developed a model to reconstruct the cap
based on plaque geometry to better predict cap thickness and PCS. We used histologi-
cal stained plaques from 34 patients. These plaques were segmented and served as the
ground truth. Sections of these plaques contained 93 necrotic cores with a cap thickness
< 0.62 mm which were used to generate a geometry-based model. The histological data
was used to simulate in vivo MRI images, which were manually delineated by three ex-
perienced MRI readers. Caps below the MRI resolution (n=31) were (digitally removed
and) reconstructed according to the geometry-based model. Cap thickness and PCS were
determined for the ground truth, readers, and reconstructed geometries. Cap thickness
was 0.07 mm for the ground truth, 0.23 mm for the readers, and 0.12 mm for the re-
constructed geometries. The model predicts cap thickness significantly better than the
readers. PCS was 464 kPa for the ground truth, 262 kPa for the readers and 384 kPa
for the reconstructed geometries. The model did not predict the PCS significantly bet-
ter than the readers. The geometry-based model provided a significant improvement for
cap thickness estimation and can potentially help in rupture-risk prediction, solely based
on cap thickness. Estimation of PCS estimation did not improve, probably due to the
complex shape of the plaques.
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PREDICTION FOR CAROTID MRI.

8.1 Introduction

Stroke is the second cause of death worldwide and the third leading cause of disability
in the western world (Johnson et al., 2016). One of the causes of an ischemic stroke is
atherosclerotic disease in the carotid artery. As a consequence of atherosclerotic plaque
rupture, a thrombus might form, which can deprive part of the brain of blood. Several
histological studies have provided important insights about plaques that are vulnerable to
rupture (Virmani et al., 2002). A vulnerable plaque is characterized by a large and soft
lipid rich necrotic core (NC), a thin fibrous cap, and infiltration of macrophages (Falk,
2006).

Plaque rupture occurs when the stresses in the cap exceed the strength of the cap. These
cap stresses can be calculated with finite element analysis (FEA). Apart from material
properties and boundary conditions, stress computations with FEA critically depend on
the geometry of the plaque. Some of the geometry parameters highly influence the cap
stresses, including the lumen and the NC curvature, but most importantly the cap thick-
ness (Akyildiz et al., 2016). Geometrical information of carotid plaques is often obtained
with magnetic resonance imaging (MRI) because of its ability to distinguish relevant
plaque components. However, the in-plane pixel resolution of a carotid MRI is low. The
minimum cap thickness, which is typically around 0.3 mm (Redgrave et al., 2008), is of-
ten smaller than the pixel size. Therefore, even experienced MRI readers have difficulties
in estimating the minimum cap thickness (CapT); they almost always overestimate the
CapT, especially when the caps are thin (Nieuwstadt et al., 2014a).

The overestimation of CapT with MRI will lead to an underestimation of the cap stress.
The error in cap stress computations are much higher in the thin caps than in the thick
caps (Nieuwstadt et al., 2014b). A more accurate CapT is needed to improve cap stress
calculations.

Previously, we showed that a geometric relation was found between the NC thickness and
geometric parameters in coronary arteries (Kok et al., 2016). Here, we apply a similar
approach in order to estimate the cap thickness. We hypothesize that the geometry-based
regression model will improve the CapT and thereby also the cap stresses compared to
the CapT estimated by the experienced MRI readers.

8.2 Methods

A graphical summary of the methods is presented in Figure 8.1, the steps are explained
in detail below.

152



8.2.
M

E
T

H
O

D
S

Geometry- 
based model

Cap 
reconstruction

Simulated MRI

Ground truth Reader Model

Compare 
-cap thickness 

-cap stress

1 mm
[MPa]

Estimated cap 
thickness

Geometric 
parameters

Reader 
segmentation

Stress

0

0.1

0.2

0.4

0.5

0.3

269 736

516

Figure 8.1: A schematic overview of the methods section. From the middle left to the middle right: the ground
truth (based on histology), reader and model contours with the corresponding stress calculations below. Based
on the ground truth contours carotid MRI images were simulated using JEMRIS software. These simulated MRI
images were segmented by experienced MRI readers. The cap smaller than 0.62 mm was highlighted in red and
was removed for the cap reconstruction. At the right, the cap was reconstructed using cap thickness information
from the geometry-based model resulting in new contours (‘model‘) contours.
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8.2.1 Histology

From 34 symptomatic patients (> 70 % stenosis) who were scheduled for carotid en-
darterectomy 34 plaques were obtained. All plaques were decalcified and embedded in
paraffin and cut in 5 µm sections. The sections were stained with either Elastica van
Gieson or Resorcine Fuchine. In total 76 cross sections were selected for further anal-
ysis, all sections contained at least one NC. The lumen, the NC, and the vessel outer
wall were manually delineated. Since these histological plaque cross-sections were not
pressure fixated, the contours were computationally pressurized at mean arterial pres-
sure (100 mmHg) with finite element analysis (FEA). These pressurized contours were
considered to represent the ground truth geometry.

8.2.2 Geometry-based model

Since we were interested in the thin caps, all NCs that were located closer than 0.62 mm
– a representative value for the clinically used resolution of MRI – to the lumen in the
ground truth geometry were selected. Then, the CapT was estimated with a statistical
model which was constructed based on geometry features of the plaque. In a previous
study, it was shown that lumen area, vessel area and NC area could be quantified ac-
curately with MRI (Nieuwstadt et al., 2014a). Therefore, in the model the following
geometry features were used: 1) the NC angle, 2) the distance from the lumen border to
the NC center (Centroid Distance), and 3) the NC thickness, see Figure 8.2A. To make
the model robust for all plaques sizes, the geometry parameters as well as the output pa-
rameter (CapT), were normalized with respect to the corresponding vessel wall thickness,
except for the NC angle, which is expressed in radians. To reconstruct the new cap, the
model estimated the normalized CapT at three positions. The first position is at the center
(50%) of the NC angle and the other two are positioned at the sides (25% and 75%) of
the NC angle. One geometry-based model was used for the center and one for the side
positions, since these are assumed to be symmetric. The following relation was fitted to
the data:

CapTi =βNCangle,i × NCanglei + βCentroidDistance,i×

CentroidDistancei + βNCthickenss,i × NCthicknessi + β0,i
(8.1)

with β′s the parameters as determined with the geometry-based model and i the location
at the NC (center or side). All the geometry parameters, NC angle, Centroid Distance and
NC thickness, were determined along the line of the corresponding NC angle. The CapT
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was determined as the minimum cap thickness per segment: in the center (37.5% < NC
angle < 62.5%) or at the side positions (NC angle < 37.5° or NC angle > 62.5°). The NC
area obtained with histology underestimates the NC area obtained via MRI images by
24% (Nieuwstadt et al., 2014a). To account for this underestimation of the NC area, the
NC angle and NC thickness were scaled with

√
1.24. Since a negative CapT is physically

not possible and extremely thin caps would lead to extreme and unrealistic stress value.
Hence, a cut-off value of 0.069 mm was used for the CapT, which is the mean minimum
cap thickness of a fibrous cap minus twice the standard deviation of the minimum cap
thickness earlier reported (Cicha et al., 2011).

8.2.3 MRI segmentation

A subset of 33 cross-sections from 12 patients was used to simulate in vivo carotid MRI
images. A clinical MRI protocol was simulated by solving the Bloch equations, with an
in-plane resolution for the simulations was 0.62 mm. The protocol was described in more
detail by Nieuwstadt et al. (Nieuwstadt et al., 2014a). Three independent experienced
MRI readers manually delineated the lumen, vessel wall, and NCs in the MRI simulated
images. In some cases multiple NCs were present in one cross-section. For example, if
in a cross-section two NCs were present, the cross-section was analyzed twice; once with
one NC and the other NC discarded and vice versa.

8.2.4 Reconstruction

Reconstruction of the fibrous cap was performed on the cross-sections that met the fol-
lowing criteria: 1) the reader correctly identified the NC, 2) the cap thickness was less
than 0.62 mm and, 3) more than 50% of the NC angle of the cap was below 0.62 mm.
First, the part of the cap that was thinner than 0.62 mm was removed, see Figure 8.2B.
The geometry parameters (NC angle, Centroid Distance and NC thickness) obtained by
the readers were used to estimate the normalized CapT at 25, 50 and 75% of the NC angle.
Then, the absolute CapT values were calculated using these normalized CapT by multi-
plying with the corresponding vessel wall thickness, and placed at that distance from the
lumen, see Figure 8.2C. Subsequently, a Non-Uniform Rational B-Spline (NURBS) was
used to generate the reconstructed cap contour, see Figure 8.2D. The reconstruction with
the NURBS can cause the CapT to become less than the previous reported cut-off (0.069
mm) value; if this was the case the cap was adjusted using this cut-off value. In order to
remove and reconstruct the cap of the NC, MATLAB (version 2014a, Mathworks Inc.,
Natick, MA, USA) was used.
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Figure 8.2: A schematic overview of the cap reconstruction. A) the geometry param-
eters are determined for the geometry-based model visualized for 50% Necrotic core
(NC) angle (midcap), this was also done for 25% and 75% NC angle (sidecap), B) the
cap thinner than 0.62 mm was removed, C) the cap thicknesses estimated by the GEE
model are placed at the three locations along the NC angle D) the remainder of the
cap is reconstructed using a Non-Uniform Rational B-Spline.
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8.2.5 Finite Element Analysis

Wall stress calculations in the plaque geometries were performed with Abaqus (version
6.13, Dassault Systemes Simulia Corp., Providence, RI, USA). Incompressible, Neo-
hookean material properties were used for all plaque components (Akyildiz et al., 2011;
Badel et al., 2014; Kelly-Arnold et al., 2013). The Young’s moduli for the components
are 1000 kPa for the intima and 6 kPa for the NC. In order to restrain rigid body move-
ment a soft compressible buffer (Poisson ratio: 0.45, Young’s modulus: 60 kPa) was
placed around the intima with the outer border fully constraint. Approximately, 100.000
tetrahedral elements were used to for the plaque (at least four elements were located
across the cap). The initial stresses were calculated at 100 mmHg with the backward
incremental method (de Putter et al., 2007; Speelman et al., 2009). The final pressure
(125 mmHg) was applied at the lumen contour. Peak cap stress (PCS) was defined as the
99th percentile von Mises stress in front of the cap or in the shoulder region of the cap
(15° adjacent to the cap) (Kok et al., 2016).

8.2.6 Analysis and statistics

For the geometry based model, a generalized estimating equations (GEE) method was
used, which accounts for using multiple cross sections from one plaque. To quantify the
correlation between the ground truth cap thickness and the model cap thickness the r2 and
the concordance correlation coefficient (CCC) were determined. Normal distribution was
tested with a Kolmogorov-Smirnov test. Since the data were not normally distributed,
the data were reported as median and interquartile range. An ANOVA (with a Bonferroni
correction) was used to test absolute differences among groups. The error (with respect
to the ground truth) of the cap thickness and PCS observations were pairedand tested
with a non-parametric signed Wilcoxon rank test was used. Especially, the effect of the
reconstruction in the thin caps is of interest. Therefore, all data were divided based on
the ground truth minimal cap thickness (CapTGT), in a thin (<0.1 mm) or a thick (>0.1
mm) cap group. The CapT of the geometry-based model (CapTmodel) and the CapT of
the reader (CapTreader) were compared with respect to the CapTGT. A similar approach
was followed for PCS.
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8.3 Results

8.3.1 Geometry-based model

In total, the 76 cross-sections contained 148 NCs which had the following characteristics:
the CapT was 0.23 mm (0.08 – 0.40 mm), the NC angle was 97.6° (49.7 – 147°) and the
NC thickness at the center of the NC was 0.83 mm (0.39 – 1.99 mm). Ninety-three NCs
had a CapT smaller than 0.62 mm which were used for the construction of the geometry-
based regression model. The geometry-based model estimated the normalized CapT, and
revealed for both the center and the side positions significant relations, see Table 8.1.
Each of the geometry parameters had a significant (p < 0.05) individual effect on the
CapT estimation. The parameters showed that the normalized CapTGT was positively
related with the normalized Centroid Distance and that it was negatively related with the
normalized NC thickness and the NC angle.

Table 8.1: Generalized Estimation Equation (GEE) parameters with their standard er-
rors. The predictive values, β′s, of the GEE model for NC angle, Centroid Distance and
the NC thickness and a constant value. NC=Necrotic core.

βNCangle βCentroidDistance βNCthickness β0

CapTmidcap -0.028 ± 0.01 0.82 ± 0.04 -0.35 ± 0.03 0.01 ± 0.02*
CapT±sidecap -0.027 ± 0.01 0.54 ± 0.07 -0.28 ± 0.05 0.12 ± 0.04

* no significant contribution to the model.

The geometry-based model for the NC center estimated the normalized CapTmodel (r2 =

0.89 and CCC = 0.95) compared very well to the normalized CapTGT, see Figure 8.3A.
The normalized CapTmodel for the NC side position was moderately estimated (r2 = 0.46
and CCC = 0.68), see Figure 8.3B.

8.3.2 Cap thickness reconstruction

Thirty-one NCs met the reconstruction criteria. The CapTGT was 0.07 mm (0.06 – 0.11
mm), CapTreader was 0.23 mm (0.18 – 0.29 mm) and the CapTmodel was 0.12 mm (0.03
– 0.22 mm), see Figure 8.4A. Figure 8.4B shows the absolute CapTGT, CapTreader, and
CapTmodel for the thin and the thick caps. For the thin cap group, the reader overestimates
cap thickness while the CapTmodel is significantly closer to the ground truth data. For the
thick cap group, a similar trend is observed, although not significant. Figure 8.4C shows
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Figure 8.3: The normalized estimated cap thickness of the model (CapTmodel) versus
the normalized ground truth cap thickness (CapTGT) A) for the midcap and B) for the
sidecap. The dashed line is the line of equality, the solid line is a linear fit through the
data.

the absolute errors of the CapTmodel is significantly smaller than those of CapTreader for
both thin and thick caps. In 95% of the thin cap cases the CapT estimation improved
using the geometry-based model. In contrast, in the thick caps the model improved only
58% of the cases. For the thin caps, the reconstructed geometries predicted the CapT
significantly (p < 0.01) better than the reader. Also, the reconstructed CapT estimation
in the thick caps improved (p < 0.01) compared to the reader CapT.

8.3.3 Wall stress

The PCSreader, 262 kPa (132 – 356 kPa), almost always underestimated the PCSGT, 464
kPa (311 – 554 kPa). The PCSmodel, 384 kPa (228 – 632 kPa), showed a high variation
compared to the PCSreader and the PCSGT, see Figure 8.2A. For example the model
improved the PCS in NC 16, the reader underestimated the PCS with 161 kPa, and the
model made a small overestimation of 58 kPa, with respect to the PCSGT. In contrast, in
NC 14 the model does not improve the PCS, the reader underestimated the PCS by 264
kPa and the model overestimated it by 354 kPa with respect to the PCSGT. There was
no significant difference between the PCSmodel and the PCSGT (p = 0.21). Figure 8.5B
shows the absolute PCSGT, PCSreader, and PCSmodel for the thin and the thick caps. For
the thin caps, the PCS obtained by the reader geometries significantly underestimated the
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Figure 8.4: In A) the absolute cap thickness values for the ground truth, reader and
model geometries. The horizontal grey dotted line indicates 0.1 mm cap thickness, the
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† = p < 0.05 for reader vs. model.
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PCS of the ground truth and the model (p = 0.04). There was no difference between the
PCSGT and the PCSmodel (p = 0.24). For the thick caps a similar trend was observed,
however there are no significant differences.Figure 8.5C shows that for the thin caps,
the absolute stress error of the model geometries was lower than the reader geometries,
however not significant (p = 0.09). In this group two outliers were observed: one outlier
showed an error in PCSreader of 882 kPa and one outlier showed an error of PCSmodel 651
kPa. These are caused because the ground truth CapT (0.05 mm) is highly overestimated
by the reader (0.30 mm) and model (0.27 mm). For the thick caps, the absolute error in
PCS did not improve with the model (p = 1). In 74% of the thin cap cases the PCS was
improved by the model. In the thick caps, the model improved only 58% of the cases.
In the thin caps, the absolute stress error reduced in the reconstructed geometries when
comparing to the readers, however this was not significant (p = 0.09), see Figure 8.5C.
In 74% of the thin cap cases the PCS was improved by the model. In the thick caps,
the model improved only 58% of the cases. In case of the thin caps, one outlier showed
an error in PCSreader of 882 kPa and one outlier showed an error of PCSmodel 651 kPa.
These are caused because the ground truth CapT (0.05 mm) is highly overestimated by
the reader (0.30 mm) and model (0.27 mm). For the thick caps, the absolute error in PCS
did not improve with the model (p = 1).

8.4 Discussion

For peak cap stress assessment using FEA, a reliable estimate of the cap thickness is
essential. MRI readers tend to overestimate the cap thickness and hereby also under-
estimate the PCS. In this study, we investigated if we can reconstruct the cap with a
geometry-based regression model based on geometry features, and thereby improving
the estimation of the PCS. The first main finding was that the estimation of the CapT
on MR images can be improved using this model. The second main finding was that
application of the model, despite the improved CapT estimation, did not lead to a better
prediction of PCS.

8.4.1 Cap thickness

In an earlier study on coronary plaques, we showed an association among NC thickness,
NC angle, intima-media thickness and cap thickness (Kok et al., 2016). Therefore, in
carotid arteries a relationship between geometry parameters and the normalized CapT
was expected. The association between CapT and the geometry features at the NC center
was very strong (r2 = 0.89), the model improves the CapT estimation in 81% of the cross-
sections. However, the NC side relation was less pronounced, most probably because the
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Figure 8.5: In A) the absolute peak cap stress values for the ground truth, reader and
model geometries. In grey are the Necrotic Core (NC) numbers 14 and 16 highlighted,
which are referred to in the text. In B) the absolute peak cap stress, on the left the
results for thin (<0.1 mm) caps and on the right for the thick (>0.1 mm) caps. In C)
the absolute peak cap stress error with respect to the ground truth cap thickness, on
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caps. * = p<0.05 for ground truth vs. reader, # = p<0.05 for ground truth vs. model,
† = p < 0.05 for reader vs. model.
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fibrous cap was not as symmetric as was assumed.

Shindo et al. found that all carotid plaques with caps above 150 µm were stable (not
ruptured) and that all caps lower than 76 µm were ruptured (Shindo et al., 2015). Sim-
ilar results appeared in a larger histology-based study of symptomatic carotid stenosis
patients, which showed that 81% of all plaques lower than 100 µm were ruptured (Red-
grave et al., 2008). Therefore, the CapT could be instrumental in indicating the need for
surgery. In this study, the sole input to estimate CapT are geometrical plaque features,
which can be measured fast and accurately with MRI. Although the model improves
CapT estimation in 81% of the cases, in 19% of the cases it does not. In these cases the
error of the CapT is in the same range as the CapT associated with carotid rupture prone
risk. More research is needed to improve the model before it can be used to predict the
rupture risk of an individual plaque. The geometry-based model could also be used to
estimate the CapT for plaque de-stabilization studies with respect to medications. For ex-
ample, statin therapy has already been shown to decrease the NC area and increase CapT
(Du et al., 2016; Takarada et al., 2009). If CapT is considered as a secondary endpoint in
these studies, this model could be used to better estimate this value.

8.4.2 Peak cap stress

Peak cap stress is often used as surrogate marker for rupture risk (Cheng et al., 1993;
Tang et al., 2005a). In this study we sought a solution for the MRI based overestimation
of the CapT, and thereby we hoped to improve the PCS. Interestingly, while in the thin
caps the geometry-based model aided in decreasing the CapT error, the PCS showed
only a trend towards improvement (p = 0.09). Previous studies showed a strong relation
between cap thickness and PCS (Akyildiz et al., 2016; Ohayon et al., 2008), but also
pointed out the importance of lumen and NC curvature (Akyildiz et al., 2016). Edges of
components are smoothed in the MRI model due to the limited spatial resolution which
results in a severe underestimation of the curvature. This loss in curvature will lead to
an underestimation of the PCS (Nieuwstadt et al., 2014b). To quantify this loss of detail,
we determined the lumen and NC curvature of the ground truth and the reader. We found
that the reader curvature was much lower than the ground truth curvature for the lumen:
0.61 mm-1 (0.54 – 0.70 mm-1) vs. 0.98 mm-1 (0.78 – 1.13 mm-1) and the NC curvature
0.86 mm-1 (0.73 – 1.02 mm-1) vs. 1.61 mm-1 (1.47 – 2.02 mm-1).

Altogether, it is not recommended to calculate PCS in these thin caps (< 0.1mm) with
manually segmented MRI images for rupture risk prediction. Gijsen et al. showed that
due to MRI resolution problem, it is better to look for the stable plaque with thick caps
and low PCS (Gijsen et al., 2015). We cannot resolve the resolution issue in MRI with
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a geometry-based model to improve the PCS estimation. Further research is necessary
to improve rupture risk assessment based on geometrical plaque features in carotid arter-
ies.

8.4.3 Limitations

One of the limitations of our study is the relative simple isotropic material model that
was used. In diseased tissue, collagen fibers are orientated in a certain direction in order
to absorb higher stresses. However, literature on fiber orientation in carotid arteries is
sparse. A recent study reported a high dispersion of fibers in carotid arteries (Chai et al.,
2014). Therefore, we assume that an isotropic model should be sufficient. Besides,
since this is comparison study, we do not expect another material model to change our
conclusions.

A relatively low number of caps was reconstructed (n = 31) because of several reasons.
From the subset of sections that were used for MRI simulation only half of the NCs were
identified by the readers. The smaller NCs were probably missed because of the size
and the limited resolution. Furthermore, not all NCs that were included had a ground
truth cap smaller than 0.62 mm. Although a low number of sections were included in our
study, we don’t expect that increasing the number would have changed our conclusion on
the absence of improvement of PCS, because of the large error range of the PCS for the
reconstructed NCs.

The geometry-based model to estimate CapTmodel used all the cross-sections obtained
via histology. The same cross-sections were used in the MRI simulations, therefore there
might be dependency among the data. As a consequence, our results might be positively
influenced. An MR scan prior to endarterectomy combined with histology would be an
alternative approach for the MRI simulation. However, in this case 3D registration of
the histology with the MR images is needed which is not straight forward, due to several
problems including deformation due to histological post-processing, and the limited MRI
resolution (Groen et al., 2010), leading to registration errors of 0.6 mm. Thus, 3D regis-
tration with histology yields errors larger than the MRI simulations (Groen et al., 2010).
Furthermore, Nieuwstadt et al. have shown that the MRI simulation are very similar to
in vivo MR images with respect to image contrast, SNR, spatial resolution and intensity
gradients over plaque components. Therefore, we chose to simulate the MRI directly
from the ground truth histology contours.
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8.4.4 Conclusion

In conclusion, our model that uses geometry-based features estimates the cap thickness
better than experienced MRI readers, which could potentially contribute to risk stratifi-
cation. The peak cap stress did not significantly improve, probably due to smoothing of
other important geometry parameters, such as lumen and NC curvature.
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9Feasibility ofWall Stress Analysis
of Abdominal Aortic Aneurysms

using three-dimensional Ultrasound

Based on: Kok AM, Nguyen VL, Speelman L, Schurink GWH, van de Vosse FN, Lopata
RGP. Wall Stress Analysis of Abdominal Aortic Aneurysms using three-dimensional Ul-
trasound. J Vasc Surg. 2015 61(5):1175–84

ABSTRACT
Abdominal aortic aneurysms (AAAs) are local dilations that can lead to a fatal hem-
orrhage when ruptured. Wall stress analysis of AAAs is a novel tool that has proven
high potential to improve risk stratification. Currently, wall stress analysis of AAAs is
based on computed tomography (CT) and magnetic resonance imaging; however, three-
dimensional (3D) ultrasound (US) has great advantages over CT and magnetic resonance
imaging in terms of costs, speed, and lack of radiation. In this study, the feasibility of
3D US as input for wall stress analysis is investigated. Second, 3D US-based wall stress
analysis was compared with CT-based results. The 3D US and CT data were acquired
in 12 patients (diameter, 35–90 mm). US data were segmented manually and compared
with automatically acquired CT geometries by calculating the similarity index and Haus-
dorff distance. Wall stresses were simulated at P = 140 mm Hg and compared between
both modalities. The similarity index of US vs CT was 0.75 to 0.91 (n = 12), with a
median Hausdorff distance ranging from 4.8 to 13.9 mm, with the higher values found at
the proximal and distal sides of the AAA. Wall stresses were in accordance with litera-
ture, and a good agreement was found between US- and CT-based median stresses and
interquartile stresses, which was confirmed by Bland-Altman and regression analysis (n
= 8). Wall stresses based on US were typically higher (+ 23%), caused by geometric
irregularities due to the registration of several 3D volumes and manual segmentation.
In future work, an automated US registration and segmentation approach is the essential
point of improvement before pursuing large-scale patient studies. This study is a first step
toward US-based wall stress analysis, which would be the modality of choice to monitor
wall stress development over time because no ionizing radiation and contrast material are
involved.
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9.1 Introduction

Abdominal aortic aneurysms (AAA) are currently monitored using (mostly) ultrasound
based measurements of the maximum anterior-posterior diameter of the aneurysmal wall.
Large clinical trials have set the cut-off point for surgical intervention of AAAs at a
diameter of 5.5 cm or an expansion rate of 0.5 cm in the last six months (Brewster et al.,
2003; Greenhalgh et al., 1998; Singh et al., 2001). However, the associated morbidity
and mortality risk (Rose et al., 2014; Scv et al., 2014) of endovascular repair and open
surgical repair must be weighed against the risk of rupture. Unfortunately, some AAAs
rupture before reaching a maximal diameter of 5.5 cm and some will remain stable up
to a diameter of 8.0 to 9.0 cm (Conway et al., 2001; Darling et al., 1977; Kurvers et al.,
2004). Hence, a more adequate criterion for patient stratification is sought.

From a biomechanical point of view, rupture will occur when local wall stress exceeds
the wall strength. Mechanical analysis of a vessel can be performed by performing a
measurement of mechanical properties and/or deformation of the vessel wall, or building
a numerical model of the AAA to simulate stresses and deformation. This study will
focus on wall stress analysis. In general, wall stress analysis is performed using finite
element analysis (FEA), a numerical method that solves a set of linear partial differential
equations representing mechanical equilibrium using a patient-specific geometry, mate-
rial properties and boundary conditions. The three-dimensional (3-D) AAA geometry
generally is determined from computed tomography data (CT) or Magnetic Resonance
Imaging (MRI). The geometry is converted into a volume mesh of the wall and subjected
to a physiological load, i.e., blood pressure. The mechanical behavior of the wall is usu-
ally described using either a linear or non-linear material model (Holzapfel et al., 2000;
Raghavan et al., 2000).

Numerous studies have shown that wall stress analysis is a potential tool to further indi-
cate the AAA rupture risk (de Putter et al., 2007; Fillinger et al., 2002; Merkx et al., 2009;
Raghavan et al., 2000; Speelman et al., 2008; Truijers et al., 2007; Venkatasubramaniam
et al., 2004). In these studies, it was found that 99th percentile wall stresses increased
with diameter (Speelman et al., 2008) and that peak wall stresses were higher in groups
with ruptured AAAs (de Putter et al., 2007; Truijers et al., 2007; Venkatasubramaniam
et al., 2004). This technique has led to the introduction of the Rupture Potential Index
(RPI), which now is a parameter used in clinical studies (Vande Geest et al., 2006). Be-
sides for global statistical analysis, wall stress computations can also be used for regional
analysis. In a study by Li et al. (2010), higher wall stress at the proximal shoulder of the
AAA were associated with rapid expansion and possibly rupture (Li et al., 2010).

168



9.2. METHODS

Most studies are limited to the use of a single set of pre-operative CT-data. However,
it would be of great interest to investigate the prediction of aneurysm growth requiring
follow-up data. Only a few studies are found on the association between wall stress and
aneurysm growth (Li et al., 2010; Speelman et al., 2010), which can be explained by the
fact that the use of CT is limited due to the ionizing radiation and contrast agents involved.
Magnetic resonance would be a good alternative (de Putter et al., 2007; Merkx et al.,
2009), but requires long scanning times, is relatively expensive, and is not applicable to
all patients because of e.g. claustrophobia, and the presence of metal implants. Another
alternative, as used in this study, is ultrasound (US) imaging.

Nowadays, two-dimensional (2-D) Doppler US is globally used as a screening tool for
AAAs, to assess maximum AAA diameter and to investigate the presence of endoleaks
after endovascular aneurysm repair (Brewster et al., 2003; Hirsch et al., 2006). US has a
relatively high temporal and spatial resolution compared to CT and magnetic resonance
and no ionizing radiation involved. Furthermore, US is a patient-friendly, cheap, fast,
and easy to use imaging modality. The challenges in US are the low contrast, small field-
of-view (FOV) and its operator dependency. In addition, a small percentage of patients
is difficult to image due to the aorta’s deep position, US attenuation by fatty tissue, or by
shadowing caused by bowel gas (Silverstein et al., 2005).

More recently, three-dimensional (3-D) ultrasound has become commercially available.
Wittek et al. (2013) showed that combined FEA with 4-D ultrasound data can be used
to determine material properties in healthy and diseased aortas (Wittek et al., 2013). In a
study by the same group, finite element models have been successfully applied to regular-
ize 3-D strain data obtained with 3-D speckle tracking (Karatolios et al., 2013). In these
studies, ultrasound based 3-D wall stress analysis was not the focus and a comparison
with established techniques, such as CT, was not made.

The aim of this study was to investigate the feasibility of 3D US-based wall stress analysis
of AAAs. Additionally, US-based wall stress analysis was compared with the golden
standard, i.e., CT-based wall stress analysis.

9.2 Methods

9.2.1 Population and data acquisition

3-D ultrasound acquisitions were obtained in 15 patients (13 males and 2 females), 0 to
12 weeks prior to or after a contrast enhanced computed tomography angiography (CTA)
scan. The CTA scan was performed for pre-operative planning and is part of normal
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clinical practice, with the exception of one patient who received a CTA scan for other
medical reasons. The age of the subjects ranged from 55 to 83 years, with diameters
varying from 35 to 90 mm. The study was approved by the local ethics committee of
the Maastricht University Medical Center and all patients gave written informed consent
prior to inclusion.

Ultrasound acquisitions were performed by the same experienced physician with 3 years
of experience in performing AAA US examinations using a MyLab 70 US system (ESAOTE,
Maastricht, The Netherlands) equipped with a BC431 probe with a center frequency of
3.5 MHz. The BC-431 is a mechanical 3-D array, consisting of a 2-D curved array which
is rotated over a total elevational angle of 73 degrees. Raw radio-frequency (RF) data
were acquired and sampled at 50 MHz with a depth of 10 to 15 cm and an opening angle
of 55 degrees in the lateral direction.

As a consequence of the limited field-of-view of the 3-D US data, the complete geometry
of the AAAs could not always be captured in a single 3-D sweep. In this case, multiple
acquisitions were needed, typically two (n = 4) or three (n = 6).

All CT scans were performed with a Somatom Definition Flash C (Siemens, Erlangen,
Germany). Images consisted of 512 x 512 pixels, with a pixel distance ranging from 0.65
to 0.79 mm. Slice thickness varied between 0.7 to 0.8 mm with the exception of one
dataset that was obtained in the patient that did not receive a pre-operative CTA scan (4
mm). All data were anonymized and exported for further processing.

Arterial brachial blood pressure was measured in all patients using a conventional arm
cuff in a supine position approximately ten minutes after the US exam. No blood pressure
measurements were performed during the CT acquisitions.

9.2.2 US-based geometry assessment

The pipeline of the image processing and mesh generation is summarized in Figure 9.1,
revealing the longitudinal and cross-sectional US images (Figure 9.1A-D), the result-
ing segmentation results (Figure 9.1E) and corresponding mesh (Figure 9.1F). The 3-
D US data were loaded into Matlab (2012b, Mathworks Inc., Natick, MA, USA) for
scan conversion, filtering and segmentation. First the RF-data were converted from the
semi-spherical coordinate system into a Cartesian coordinate system using standard 3-
D bi-cubic interpolation. The resulting images were aligned in such a fashion, that the
y-direction resembles depth, the x-direction equals the width of the aneurysm and the
z-direction its length (Figure 9.1). Each cross-sectional image (x,y) was 208 mm by 208
mm with a resulting pixel size of 0.6–0.70 mm by 0.65–0.70 mm. These images were
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available for every 2 mm in the longitudinal direction (z). A 3-D cylindrical Gaussian
filter of 5 by 5 by 7 pixels (σ = 1) was used to improve contrast.
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Figure 9.1: Example of ultrasound (US) based geometry and finite element mesh of
an abdominal aortic aneurysm. A longitudinal cross-section of the 3D US dataset
is shown (A) with three different transverse cross-sections (dashed red lines) corre-
sponding to the images shown in B, C and D. The manual segmentation of the lumen
is shown (blue dashed lines). All contours after regularization (E) and the resulting
finite element volume mesh (F) are shown.

The data were manually segmented by delineating the lumen – wall interface in the
transverse cross-sectional image data from the proximal neck up to the bifurcation by
a trained observer. Subsequently, all segmentations were checked and corrected by a sec-
ond reader with 3 years of experience in US and AAA vessel wall segmentation. Finally,
the user-defined contours were up-sampled to 181 data points (incremental angle of 2°)
by transforming the coordinates to the Fourier domain. By only maintaining the Fourier
coefficients of the first two harmonics for the inverse transformation, the reconstructed
data were also regularized.

A Graphic User Interface (GUI) was created in Matlab to merge the resulting 3-D point
clouds obtained from multiple US acquisitions. The GUI enabled rigid rotation and trans-
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lation in all three directions, amounting to a total of six degrees of freedom.

Irregularities in the resulting AAA vessel wall contours may result in (false) high wall
stress regions in the FEA models. Therefore, a second regularization step was applied to
ensure smoother gradients in all directions. All Cartesian coordinates (Figure 9.2A) were
transformed to a radial grid with radius r as a function of (θ, z), see Figure 9.2B. This
surface is smoothed by fitting a surface to the scattered radius data using a modified ridge
estimator (Figure 9.2C) and transformed back to Cartesian coordinates. An example of
the resulting contours is found in Figure 9.2D.

A

-40
-200

y [mm]
20

40-40

-20x [mm]

0

110

100

90

80

70
20

z 
[m

m
]

B

-40-200
z [mm]

20400
2angle [rad] 4

110
100
90
80
70
8R

ad
iu

s 
[m

m
]

6

C

-40-200
z [mm]

20400
2angle [rad] 4

110
100
90
80
70
8R

ad
iu

s 
[m

m
]

6

D

-40
-200

y [mm]
20

40-40

-20x [mm]

0

110

100

90

80

70
20

z 
[m

m
]

Figure 9.2: The manual, up-sampled lumen segmentation obtained in three-
dimensional ultrasound data in Cartesian coordinates (A) and polar coordinates (B),
respectively. The contours were regularized (C) and were converted back to the Carte-
sian domain (D).
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9.2.3 CT-based geometry assessment

An example of CT data is found in (Figure 9.3A-D). Commercial software (Mimics 5.0,
Materialise, Belgium) was used for semi-automatic segmentation of the border between
the outer AAA vessel wall and the surrounding tissue (Figure 9.3E) to generate a vol-
ume mesh (Figure 9.3F). An initial segmentation was performed using a region growing
method, after which surrounding structures were detached from the AAA manually. The
final segmentation was exported to Matlab for further processing.
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Figure 9.3: Example of computed tomography (CT) based geometry and finite element
mesh of an abdominal aortic aneurysm. A longitudinal cross-section of the 3D CT
dataset is shown (A) with three different transverse cross-sections (dashed red lines)
corresponding to the images shown in B, C and D. The automatic segmentation of the
lumen after processing in 3-Matic is indicated (blue dashed lines). All contours after
processing in 3-Matic (E) and the resulting finite element volume mesh (F) are shown.
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9.2.4 Comparison of US and CT-based geometries

To compare US and CT geometries, the GUI was used to manually register US with
CT data. The US contour data were resampled to match the CT based contours for
comparison. The top and bottom sections were trimmed to ensure that the region of
comparison was present in both the CT and US geometries. The mean curvature was
calculated for the surface mesh to assess local smoothness.

To quantify the similarity between the US and CT based segmentation, the similarity
index (SI) was calculated, also known as the Dice coefficient (Bartko, 1991). The SI is a
measure for volume overlap and is defined as:

S I =
2 · {PUS∩PCT }

PUS + PCT
(9.1)

with PUS the number of pixels of the US contour, and PCT the number of pixels within
the CT contour.

In addition, to quantify the (maximum) distance between the US and CT segmentations,
the Hausdorff distance(HD) was used. The HD is the maximum of the minimal distances
between points on the US and CT contours, respectively. The calculated distances are
used to quantify the local similarity within the two volumes by measuring the extent to
which each point of the US shape lies near a point on the CT contour set (Huttenlocher
et al., 1993). For a more regional analysis, the HD was calculated per transverse slice.
The SI was calculated for the total overlapping geometry of both US and CT data and for
the same geometry without the bifurcation. The Hausdorff distance, however, was only
calculated for the geometry without the bifurcation.

9.2.5 Wall stress analysis

The common iliac arteries and the proximal part of the US based AAA geometry were
imported in 3-Matic, version 8.0 (Materialise, Leuven, Belgium). The bifurcation was
manually connected to the proximal part and rough edges were smoothed using 3-Matic.
The outer wall was generated by expanding the surface in the normal direction assuming
a uniform wall thickness of 2 mm, creating a volume mesh of the wall.

The CT geometries were also processed in 3-Matic. The point cloud was converted
into a surface, which was also smoothed to remove sharp edges. Opposed to the US
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contours, the inner wall was created by expanding the CT-based surface 2 mm inwards in
the normal direction.

In 3-Matic, a wall mesh was generated using 10-node quadratic tetrahedral elements
(100000 – 170000 elements). It was ensured that at least two layers of elements were
present in the radial direction. The resulting mesh was exported to ABAQUS v6.11
(Dassault Systèmes, Paris, France), see also Figure 9.1F and Figure 9.3F.

The top and lower planes were constricted entirely. The AAA wall was assumed to
behave as an incompressible, isotropic, hyperelastic solid (Raghavan et al., 2000) with
parameters reported by Raghavan and Vorp (2000). They found values for the material
properties, α=17.4 MPa and β=188.1 MPa, by performing tensile tests on 69 human
specimens of AAAs (Raghavan et al., 2000).

Because the US and CT acquisition were not ECG triggered, the measured geometries
were assumed to resemble the geometry obtained at mean arterial blood pressure (MAP).
Therefore, the initial meshes are not stress-free. To obtain the stresses in the geometry at
MAP, the backward incremental (BI) method was implemented in ABAQUS and applied
to each geometry using the MAP measured in each patient(de Putter et al., 2007). The
aortic MAP was estimated from the brachial MAP as described by Van ‘t Veer et al
(van ’t Veer et al., 2008), by assuming that the aortic systolic pressure is 5% higher than
the brachial pressure and the aortic diastolic pressure is 15% lower than the brachial
pressure.

Next, the vessel was pressurized to a peak systolic pressure of 140 mmHg. The resulting
solution of the FEA was used to calculate Von Mises stresses (σVM), which enables
comparison with previous studies (Fillinger et al., 2002; Speelman et al., 2008; van ’t
Veer et al., 2008). The Von Mises stress at a systolic blood pressure at 140 mmHg is
hereinafter referred to as wall stress.

9.2.6 Analysis and statistics

The SIs for the total geometry, and both SIs and HDs for the geometry without bifur-
cation, were tested for normality using a Kolmogorov-Smirnov test. In all tests a sig-
nificance level of p<0.05 was considered to be significant. The Hausdorff distances per
AAA for all slices were not normally distributed; therefore, the median and percentiles
are reported.

The registered CT and US geometries were divided in regions, slices of 1 cm thickness
from the distal to proximal side. The wall stresses were tested not normally distributed
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(Kolmogorov-Smirnov test, p<0.05), so the median stresses were calculated. The median
CT and US stresses were compared for all regions and all AAAs using regression analysis
and Bland-Altman analysis. The 25th, 50th, 75th, and 95th percentile wall stresses were
calculated for each aorta and modality and regression analysis was performed. Finally,
regions of high stress (> 350 kPa) were identified, and the curvature of these regions was
compared.

9.3 Results

CT and US data from twelve patients (11 males and 1 female; age 69 ± 8 years; maximum
diameter AAA 62 ± 14 mm) were included for analysis. One patient of the original fifteen
was excluded due to bad image quality, and two for a severely limited FOV. Figure 9.4
shows one example where the registered CT and US geometries show good similarity
Figure 9.4A, SI of total geometry = 0.89) and one case were this was less successful
(Figure 9.4B, SI of total geometry = 0.74) and a large region of the US geometry (red)
lies outside the CT based one (blue).
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Figure 9.4: Segmentation obtained from computed tomography (CT) data (blue) and
ultrasound data (red) after registration, revealing a good similarity (A) and a lower
level of similarity (B).

The quantitative results of the geometry and wall stress analysis are listed in Table 9.1.
The SI values of the total geometry and the geometry without the bifurcation range be-
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tween 0.74 - 0.89 (median = 0.81) and 0.76 - 0.91 (median = 0.85), respectively (see
Table 9.1). The median Hausdorff distance per patient ranges from 4.8 – 13.9 mm, with
a median of 7.3 (IQR: 6.5 – 10.1). For all contours of all patients combined, the median
Hausdorff and interquartile range are 8.1 (6.0 – 11.1) mm. Higher HDs are found at both
the proximal and distal ends of the geometry (Figure 9.5), whereas the median and in-
terquartile range of the HD for the middle half of the AAA are lower, 7.4 (6.0 – 9.5) mm.
The results are not significantly different for the eight patients that were included in the
wall stress analysis.
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Table 9.1: The similarity index (SI) for the computed tomography (CT) and ultrasound (US) geometries with and
without the bifurcation and the Hausdorff distance (HD) for the geometry without bifurcation.

Patient
SI total

geo-
metry

SI, no
bifur-
cation

HD
in mm, median

(IQR)

Von Mises Stress (kPa)

CT median
(IQR)

US median
(IQR)

CT
95%

US
95%

CT
99%

US
99%

Maximum
diameter (mm)

1 0.85 0.86 4.8 (3.8-6.9) 68 (54-90) 75 (57-98) 147 153 252 212 35
2 0.78 0.80 11.3 (7.5-15.6) 64
3 0.85 0.88 6.1 (5.4-6.6) 129 (96-168) 167 (122-215) 236 351 310 521 52
4 0.77 0.86 7.0 (5.6-9.0) 60
5 0.89 0.91 5.5 (4.1-6.2) 136 (108-168) 144 (110-190) 215 276 276 363 65
6 0.83 0.86 8.4 (7.4-10.0) 72
7 0.75 0.76 9.6 (7.8-13.4) 131 (95-165) 148 (105-210) 240 338 336 485 61
8 0.74 0.79 13.9 (9.7-18.6) 222 (178-270) 231 (165-299) 365 419 467 534 54
9 0.81 0.85 7.2 (5.1-9.3) 111 (85-144) 133 (100-189) 223 336 300 659 95
10 0.83 0.85 10.6 (9.3-12.6) 211 (172-254) 190 (140-262) 361 431 573 589 74
11 0.80 0.84 7.4 (6.2-9.5) 125 (98-158) 166 (125-218) 235 364 315 572 55
12 0.81 0.83 7.3 (6.0-8.6) 90
* IQR, Interquartile range. The median and IQR Von Mises stresses and the 95th and 99th percentile wall stresses are given for both US
and CT as well as the maximum diameter (clinical measurement).
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Figure 9.5: Box-and-whiskers plots of the Hausdorff distance for all abdominal aortic
aneurysms (AAA, n = 12). Each AAA was divided in five equidistant areas in longitu-
dinal direction from the proximal to distal side of the AAA.

The wall stresses of the CT and US geometries are shown in Figure 9.6. Good similarity
in geometry can also be appreciated. Patients 1 and 5 are clear examples where the
geometries show a high similarity (Figure 9.6A,C, respectively), whereas the agreement
is much poorer for patients 8 and 10 (Figure 9.6D,E, respectively). The stress images
reveal similarities as well, but high-stress spots are found in the US-based results. In two
cases, the US geometries shows significant irregularities in the geometry whilst the CT
geometries have a much smoother appearance. This leads to large high stress bands in the
US-based wall stress images. This was corroborated by the curvature analysis. Regions
with high stresses revealed curvatures in the US data that were 1.5 to 75 times higher as
compared to the CT based results. Wall stresses are reported for 8 of 12 cases because
of converge issues of the FEA computations in the other four. The total computation
time for US based and CT based wall stress analysis was 0.5 – 9 hours (3.5 hours on
average).
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Figure 9.6: Wall stress images of abdominal aortic aneurysms (AAA) for the resulting eight patients (A-H). For
each AAA, the computed tomography (CT) based wall stress (left) and ultrasound (US) based wall stress are shown
(right). The black dashed lines are added to indicate the region in the CT results that corresponds to the US based
wall stress data.
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The median stresses of the US-based analysis per slice were slightly higher compared
to the CT-based results (Figure 9.7A). However, regression analysis revealed no consis-
tent overestimation in terms of slope (≈1). A fixed bias of 15 kPa was found between
US and CT stress measurements and was corroborated by Bland-Altman analysis (Fig-
ure 9.7B).
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Figure 9.7: Median wall stress based on 3D ultrasound data (US) vs. computed to-
mography (CT) data for all patients. The median wall stress was calculated for cor-
responding, registered slices with a thickness of 1 cm (circles). The line of equality is
added for visualization purposes (black solid line); B) Bland-Altman plot, comparing
the differences in median wall stress between US and CT. The bias (15 kPa) and the
limits of agreement are indicated (black solid lines)

Figure 9.8 and Table 9.1 show all percentile stresses obtained with CT and US-based
wall stress analysis. Overall agreement is good, but the higher US-based stresses exceed
those of the CT data. Regression analysis over the percentiles calculated reveals that US
stresses are 23% higher (6 – 39%) than those calculated from CT data, indicating that
larger differences are found between the two modalities when considering higher stresses
in the comparison as well. The 99th percentile stress is significantly larger for the US
data, which is in agreement with the high-stress bands found in the US-based results in
Figure 9.6, especially for in Figure 9.6D and in Figure 9.6H.
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Figure 9.8: Comparison of the 25th, 50th, 75th, 95th and 99th percentile wall stresses
calculated for the entire geometry, as obtained with computed tomography and three-
dimensional ultrasound. The line of equality was added as a visual aid (black solid
line).

9.4 Discussion

In this study, the feasibility of 3D ultrasound based wall stress analysis was investigated
and compared to the golden standard, i.e., CT-based wall stress analysis. The two main
findings of this study are: 3-D geometry can be successfully obtained using 3D US.
In case of a limited field-of-view, multiple acquisitions can be used and registered. A
good correspondence was found between the two modalities in terms of geometry. Wall
stresses are in correspondence with previous studies and on average the overall agreement
was good. However, the 3D US overestimates CT-based wall stresses in the higher stress
regions.

The main difference between the CT and US data is the manual handling of the probe,
the limited field-of-view and relatively low contrast. To circumvent the FOV limita-
tions, multiple datasets were acquired in several patients. The resulting geometries are
in good correspondence with the CT geometry (Table 9.1). One of the major limitations
was imaging of the neck and bifurcation of the aneurysm. It was hypothesized that the
bifurcation would reveal poor resemblance to the CT data. However, exclusion of the
bifurcation, only led to a minor increase in SI.
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In general, similarity indexes of 70% and higher are indicated as ’good agreement’ be-
tween two geometries (Bartko, 1991). Comparison between CT and 3D US geometries
of these twelve AAA patients revealed similarities of at least 0.74, indicating a good to
excellent (0.91) level of geometry overlap. The Hausdorff distances are a measure for
the largest mismatches between contours. Per patient the median Hausdorff distance re-
vealed considerable range. However, a clear trend was observed of higher HDs at both
the proximal and distal ends of the geometry (Figure 9.5). This can be explained by pos-
sible erroneous registration of the multiple contours and low echogenicity at the proximal
end the distal sides of the AAA. However, there is no clear relation between lower SIs
or higher HDs and the presence of the high stress regions (Table 9.1). Hence, overall
geometry is assessed to an appropriate level, but local irregularities result in artifacts in
the stress data.

These local irregularities can be explained by the other major limitation of this study:
manual segmentation and registration. The volumes with the most predominant high
stress regions are in fact the result of registration of three separate sub-volumes (Figure
9.6E,G. The fusion of the different geometries needs to be improved to result in smoother
transitions. More acquisitions can be used to increase the overlapping area, but this would
increase the examination time. Automated segmentation and registration of 3D US data
of AAAs is not straightforward and only few scientific studies are found (Rouet et al.,
2010). The availability of automated processing would also decrease the labor intensity
and reproducibility.

It was assumed that the blood pressure of the patients was equal during US and CT
acquisition. However, it is possible that the mean arterial blood pressure was higher
during the US examination, which could also explain the higher stresses, or higher during
the CTA scan due to anxiety of the patient. In future studies, the blood pressure should
be assessed before and after each US and CTA exam.

The median stresses of the US and CT data were in good correspondence. No obvious
reason for the fixed bias present between the median stresses of US and CT (15kPa) was
found. The 99th percentile stresses of the CT data (250 kPa – 570 kPa) were in corre-
spondence with previous studies (Fillinger et al., 2002; Raghavan et al., 2005; Speelman
et al., 2010) However, an overestimation of stresses was found when comparing the 99th

percentile stresses of US to CT due to the aforementioned reasons (Table 9.1). The 95th

percentile wall stress is for this study more appropriate for comparison.

The same boundary conditions were chosen as in the study by Speelman et al. (Speelman
et al., 2008). Because the FOV of US is smaller than that of CT, this may explain why
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higher stresses were found in the US data. To enable comparison with previous studies,
the material model by Raghavan and Vorp was chosen (Raghavan et al., 2000). However,
if 4-D ultrasound would be available, the actual material properties of the model could
be estimated from these data by measuring displacements and strains, yielding a patient-
specific model of the aneurysm, and thus more accurate stresses in the wall. Moreover,
local material properties (calcifications) and the influence of thrombus and vessel tor-
tuosity should be considered. Finally, an anisotropic, fiber-reinforced model could be
employed for a more realistic description of the AAA’s material behavior (Holzapfel
et al., 2000). In future research, there is a need for further optimization of the US acqui-
sition, and an automated segmentation and registration method. When these issues are
addressed, a larger sample size can be included and, ultimately, a longitudinal study to
investigate growth.

9.5 Conclusion

In conclusion, this study is a first step towards wall stress analysis using 3D US. Good
similarities in geometry and median stresses were found, but the registration of multiple
volumes caused high stress bands, thereby prohibiting comparison of the 99th percentile
and peak stresses. With the appropriate algorithms in place, 3D US is a good and eco-
nomical image modality for AAA monitoring and wall stress analysis and a promising
tool for longitudinal studies on growth.
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10Discussion

In this thesis, studies were described in which computational modelling was applied to
investigate the relationship between blood flow-induced shear stress, wall stress, and the
vascular diseases (atherosclerosis and AAA).

10.0.1 Summary

Shear stress

Atherosclerosis is a complex, multifactorial arterial disease that arises from the interplay
of haemodynamic, systemic, and biological factors. Because of geometry’s major influ-
ence on local haemodynamics, geometrical factors, rather than haemodynamic factors,
were proposed as alternative risk predictors for atherosclerosis. In Chapter 2, the in-
fluence of geometry on haemodynamic parameters in both carotid and coronary arteries
was described: for both carotid and coronary arteries, multiple geometric features were
associated with low and oscillatory shear stress. Carotid artery bifurcations (in which the
internal carotid artery was much smaller than the common carotid artery) and tortuous
carotid arteries were more often exposed to low and oscillatory shear stress. Coronary bi-
furcations with higher tortuosity and wider bifurcation angles were associated with lower
shear stress.

Helical flow, which was observed in various arteries throughout the cardiovascular sys-
tem, was proposed to be atheroprotective. In Chapter 3, computational modelling was
used to investigate the presence of helical flow structures in porcine coronary arteries.
This study illustrated the counter-rotating bi-helical flow being present in coronary arter-
ies, as expressed by several helicity indexes. High helicity was associated with favorable
high WSS conditions, which indeed suggests that helical flow is atheroprotective in coro-
nary arteries.

In the cardiovascular system, blood flow pulsates over the cardiac cycle, resulting in tem-
poral and spatial fluctuations in the magnitude and direction of shear stress. New metrics
that capture the multidirectionality of shear stress were used to assess its influence on
plaque growth and compositional changes in twenty human coronary arteries (Chapter
4). We provided evidence that multidirectional shear stress influences changes in plaque
composition but less involved in changes in plaque size over a six-month follow-up pe-
riod. TAWSS and cross-flow index (CFI), a multidirectional shear stress metric, proved to
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synergistically affect plaque growth and changes in plaque composition. Taken together,
an image-based assessment of multidirectional shear stress and plaque composition is
imperative to understand the process of coronary atherosclerotic plaque progression and
destabilization.

In Chapter 5, a study is described in which a new imaging NIRS-IVUS catheter is used
that allows simultaneous assessment on plaque size and the probability that lipids are
present inside the plaque in ACS patients. Shear stress was assessed at baseline, and
imaging was repeated after one year to study plaque progression. We hypothesized that
shear stress in the presence of lipid-rich plaques is a more accurate predictor for plaque
progression than high patient-based systemic LDL levels. We found that neither NIRS
positive regions nor high LDL levels alone predicted plaque growth. However, synergy
was observed between NIRS positive regions and multidirectional shear stress; specif-
ically, high relative residence time (RRT) and low transWSS were more predictive for
plaque progression. High systemic LDL levels in combination with shear stress did not
predict plaque progression. These data suggest that future studies estimating regions at
risk of plaque growth would benefit from NIRS-based lipid assessment in combination
with different shear stress parameters.

Chapter 6 describes a study on the relationship between atherosclerotic plaque progres-
sion, composition changes, and multidirectional shear stress in a new porcine model for
atherosclerosis. The adult pigs were hypercholesteraemic because of a mutation in the
LDL receptor, and they received a high-fat diet for 9-12 months to promote the develop-
ment of atherosclerosis. This model resulted in two distinct groups of animals in terms
of plaque growth speed. Plaque growth and more advanced plaque phenotypes were
strongly associated with low TAWSS and high multidirectional shear stress. Interestingly,
in the slow responders, no relationship between plaque growth and multidirectional shear
stress was observed.

Wall stress

A subgroup of atherosclerotic plaques that develop in the cardiovascular system are at
high risk of rupture, potentially leading to cardiovascular events such as a myocardial
infarction or stroke. These high-risk plaques typically contain a large NC, are highly in-
flamed, and present with a thin fibrous cap. Comprehensive approaches, such as compu-
tational modelling, are employed to assess the local stress distribution inside the plaque
and predict the risk of rupture. To enable computational modelling of such a risk, a
model of the plaque’s NC, cap thickness and outer wall is required. Invasive imaging
technology does not allow for visualization of all important individual components si-
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multaneously. In case of plaque imaging with both IVUS and OCT, two clinical invasive
imaging techniques, the back side of the NC is not fully captured. A new methodology
was developed (using histology as ground truth geometry) to reconstruct the backside of
the NC by determining the empirical relation between a number of geometric features
and the NC thickness (Chapter 7). The NC thickness was found to be related to NC
angle, intima-media thickness, and cap thickness. The peak cap stress values obtained
in the ground truth geometries were highly correlated with the stress values calculated in
the reconstructed geometries. The methodology developed in this study enables IVUS
and OCT data to be fused in future wall stress studies.

MRI of carotid plaques suffers from low in-plane resolution: the fibrous cap cannot be
accurately visualized. In Chapter 8, a new methodology to complete the front side of the
NC using a geometric model was developed. The ground truth geometry was based on
histology, thereby preserving detailed features such as lumen and NC curvature. How-
ever, neither the human readers nor the geometry models were able to identify these small
features due to the limited resolution of the MRI. Consequently, these features were artifi-
cially smoothed out in the model. The geometric model’s estimation of cap thickness was
more accurate than those of experienced MRI readers. However, this improvement did
not translate into improvements in the peak cap stresses. The detailed features captured
by histology but not by MRI were probably dominant over the cap thickness improve-
ment.

Chapter 9 reveals the first models of peak wall stresses in AAA geometries derived
from 3D-US. The results were compared with the ground truth geometries obtained via
CT. Good geometric similarity was found between both imaging modalities. In some
AAAs, the full AAA geometry could not be captured in one 3D US view. Therefore
multiple views were fused, but caused irregularities in geometry which caused high-
stress bands. These high stress bands hindered the analysis of the 99 percentile and peak
stresses. However, the median stresses were congruent. If 3D reconstruction based on
3D-US improves, it has the potential to be a useful imaging modality for both medical
and research purposes.

10.1 Methodology and Analysis

10.1.1 Shear stress

In this thesis, the 3D-reconstruction of the coronary arteries, the boundary conditions,
and the post-processing were carefully established to allow accurate determined of shear
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stresses and optimal data interpretation.

First, we reconstructed the geometry of the coronary artery all the way up to the aorta to
include the full curvature of the artery. In this way, we assumed a flat pulsatile velocity
profile at the inlet; which is realistic since the inlet is close to the aorta where a flat profile
is present, we therefore believe that this approach mimics in vivo inflow conditions as
closely as possible. In this way, the inlet velocity profile in the region of interest is well
developed, and the entire region of interest can be analysed.

Second, side branches were included in the 3D reconstruction because these regions are
of particular interest for the development of atherosclerosis. Previous studies often ne-
glect to include these side branches (Bourantas et al., 2018; Stone et al., 2012; Vergallo
et al., 2014), even though plaques are usually formed therein (VanderLaan et al., 2004).
Furthermore, side branches are needed to determine the flow that leaves the artery. There-
fore, side branches affect absolute shear stress values (Li et al., 2015), especially dis-
tal from side branches in the more downstream regions of the artery. Sakellarios et al.
demonstrated that including side branches in computational models allows shear stress-
related plaque progression to be more accurately predicted (Sakellarios et al., 2017). The
data found in chapter 5 and chapter 6 confirm this observation with higher positive pre-
dictive values (PPVs) of TAWSS for plaque growth compared to previous studies (Stone
et al., 2012).

Third, patient-specific invasive Doppler measurements have been used to determine in-
and outflow boundary conditions. Although our analysis benefits from patient-specific
flow measurements which allow the assessment of absolute shear stress values, it is rather
difficult to position the catheter in the centre of the lumen. Because of this challenge, the
measurements can be inaccurate and since erroneous boundary conditions directly affect
shear stresses, a consensus meeting was held to judge the reliability of the measurements.
The data described in chapters 5 and 6 were obtained using this strategy. As an alternative
to invasive velocity measurements, a resistance-compliance element, lumped parameter
Windkessel model could estimate vascular impedance. This model could potentially re-
place invasive velocity measurements (Duanmu et al., 2018).

In this thesis, fluid-structure interaction (FSI) simulations, which model the fluid (blood)
simultaneously with the solid (vessel wall), were not performed. In simulations using
rigid walls, FSI’s effect on shear stress is small (5%–7.2%) (Bahrami and Norouzi, 2018;
Lee and Xu, 2002). Bahrami et al. found similar results for oscillatory shear index
(OSI). However, Pinho et al. found larger differences for OSI (37%) and RRT (49%)
(Pinho et al., 2018). FSI might be important in regions where severe stenosis influences
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pressure and velocity fields, leading to large gradients in radial wall displacement (Nejad
et al., 2018) and further leading to high velocity, high shear stress, and recirculation
zones. Therefore, it would be wise to use our workflow to investigate the degree to
which FSI influences the analysis of different multidirectional shear stress parameters and
helical flow. It would be especially important to investigate FSI’s influence especially on
geometries without stenosis and in the presence of severe stenosis. Note that FSI will
dramatically increase the computational simulation time, which makes it impractical for
clinical use.

We did not account for the motion of the heart, which contracts and twists over the
cardiac cycle, potentially affecting shear stress in the coronary arteries. Several methods
can determine cardiac motion (Somphone et al., 2013; Xavier et al., 2012). Zeng et
al. found that cardiac deformation has minimal effect on TAWSS in RCAs (Zeng et al.,
2003). However, in RCAs, it affected temporal shear stress variations due to the large
variation in curvature and torsion during the cardiac cycle (Zeng et al., 2003). Moreover,
cardiac deformation affects the secondary flow patterns, especially the size, strength,
and location of secondary vortices in RCAs. The OSI was also affected in RCAs (Torii
et al., 2010). The effect of heart movement will most likely be less significant in LAD
and LCX, since the displacement caused by cardiac contraction is largest in the RCA
(Shechter et al., 2006). Future studies should explore the effect of heart movement on
the relationship between multidirectional shear stress, plaque progression, and plaque
composition changes.

After a successful CFD simulation, the local shear stress vector over time can be de-
rived from the local velocity field. Different metrics describe different aspects of the time
varying shear stress vector at a certain location, see chapter 3, 4, 5, and 6. Alternative
methods can be used to summarize velocity patterns inside the coronary artery with, for
example, using helicity indices. Chapter 3 shows that these helicity indices are related
to shear stress. The studies described in chapters 4, 5, and 6 investigated the relation-
ship between multidirectional shear stress metrics and plaque growth (and changes in
composition).

To further analyse the influence of shear stress on plaque progression, studies described
in literature employed a variety of post-processing analysis strategies (Bourantas et al.,
2018; Samady et al., 2011; Stone et al., 2012; Vergallo et al., 2014). To summarize, re-
searchers subdivide the vessel into multiple longitudinal and circumferential regions and
average the shear stress and wall parameters in these regions. By doing so, researchers
obtain independent samples from multiple locations within the vessels, which allows
them to study the local response of the artery. In this thesis, we based our circumferential
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and longitudinal subdivision on the potential mismatch error of baseline and follow-up
frames and on the presence of circumferential heterogeneity (Timmins et al., 2017) of the
haemodynamic environment (chapter 4); we therefore used 1.5 or 3 mm by 45° regions.
Others used 3 mm segments without circumferential subdivision of the segments, but
checked for the lowest 90° of TAWSS (Stone et al., 2012). Because different studies em-
ployed various post-processing approaches (Koskinas et al., 2010; Samady et al., 2011;
Stone et al., 2012), study comparisons are difficult. Therefore, it would be beneficial for
the research community that investigates shear stress-related coronary atherosclerosis to
reach a consensus on post-processing techniques.

Furthermore, to study shear stress-related plaque progression or composition changes,
regions are typically divided into two (low, high) or three (low, mid, high) shear stress
groups based on the absolute average shear stress in that region. Many absolute thresh-
olds for these groups can be found in literature, see Table 10.1.

Table 10.1: A literature overview of different absolute thresholds used for the time-
average wall shear stress (TAWSS). For each study, the thresholds for low, interme-
diate, and high TAWSS and the characteristics of the studied subjects are presented.
Some studies divided the TAWSS in two groups (indicated with*).

Low [Pa] Intermediate [Pa] High [Pa] Subjects
Koskinas et al. (2013a,b)* <1.2 - >1.2 Swine
Stone et al. (2012) <1 1–1.7 >1.7 Human
Samady et al. (2011) <1 1–2.5 >2.5 Human

Davies et al. (1984)* <0.3 - >1.3
Human
cells

Koskinas et al. (2010) <1 1–1.5 >1.5 Swine
Stone et al. (2018) <1.3 - >1.3 Human

In chapters 5 and 6, we use vessel-specific shear stress thresholds. Liu et al. also used
vessel-specific thresholds; however, the applied values were not reported (Liu et al.,
2017).

The threshold (absolute or vessel-specific) that best predicts plaque growth or changes in
plaque composition is unknown. Endothelial cells respond to shear stress; regions of low
and oscillatory shear stress are especially atheroprone (Davies et al., 1986; Malek et al.,
1999). However, it is unknown whether all endothelial cells—independent of vessel
where they reside—react at the same (absolute) thresholds. Alternatively, endothelial
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cell response may be dependent on overall shear stresses per individual vessel, and cells
may react to relative shear stress changes. If endothelial cell response is relative and if
the overall shear stress in a vessel is low, then atheroprone shear stress might be much
lower than if absolute values would be used. However, if overall shear stress is high, then
atheroprone behaviour might be expected at absolute high shear stress. From this thesis,
we cannot conclude whether cells respond to absolute or relative shear stress values and
thus which threshold is appropriate.

The TAWSS and multidirectional shear stress metrics reported in the patient study in
chapter 4 are significantly higher than the values in the patient and pig study described
in chapter 5 and 6, see Table 10.2. Note that the shear stress in an artery is dependent
on the flow through the artery, which in all studies was assessed using Doppler-derived
velocity measurements multiplied by the cross sectional area of the artery. The question
arises whether the significant differences in shear stress could be explained by differences
in flow. Indeed, the inlet flows (216 mL/min IQR: 126 -– 324 mL/min) of the analysed
LADs in chapter 4 were significantly two-three times higher than the inlet flows mea-
sured in the LADs analysed in 5 (60 mL/min IQR 48 -– 108 mL/min) and 6 (90 mL/min
IQR: 66 – 120 mL/min). Another reason for the higher shear stress values obtained in
the study in chapter 4 is perhaps the bias in the shear stress data because of the exclusive
study of the LAD coronary artery. Interestingly, the flow data from the studies described
in chapter 5 and 6 revealed that the flows in LADs are similar to LCXs, but significantly
higher than RCAs. The higher flow through LADs therefore could lead to higher shear
stress for that study, which however, in part is probably counteracted by the larger size
of the LADs compared to the RCAs. Additionally, in the LAD study (chapter 4), we em-
ployed different boundary conditions at the outlets, which most likely also contributed to
the observed differences in TAWSS. The boundary conditions for side branches applied
in the studies in chapter 5 and 6 followed a similar strategy, which resulted in compara-
ble TAWSS (0.80 Pa (0.44 - 1.41 Pa), chapter 5 vs. 0.80 Pa (0.58 - 1.14 Pa), chapter 6).
These values agree with previously reported data on TAWSS (mean 0.68 Pa, SEM, 0.027
Pa) using in vivo Doppler measurements (Doriot et al., 2000). For OSI and RRT, CFI,
and transWSS, no absolute reference values for the coronary arteries were described in
literature. Alternatively, the flow in the coronary arteries can be obtained using angiog-
raphy. This methodology uses the visualization of flowing contrast through the artery.
Using this method, Stone et al reported TAWSS values (median: (1.3 – 1.9 Pa)) which
were slightly lower than those reported in the studies described in chapter 5 and 6 (Stone
et al., 2003).
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Table 10.2: The shear stress distributions fort the different shear stress metrics: time-average wall shear stress
(TAWSS), oscillatory shear index (OSI), relative residence time (RRT), cross-flow index (CFI) and transverse wall
shear stress (transWSS) for chapters 4, 5, and 6. The values are listed as median and interquartile range.

Shear stress metrics

Chapter TAWSS [Pa] OSI e-3 [-] RRT [Pa−1] CFI [-] transWSS [Pa]
4 2.59 (1.60 - 3.77) 4.21 (0.95 - 16.4) 0.65 (0.37 - 0.95) 0.08 (0.04 - 0.13) 0.11 (0.07 - 0.16)
5 0.80 (0.44 - 1.41) 0.64 (0.15 - 3.13) 1.33 (0.75 - 2.41) 0.04 (0.02 - 0.08) 0.03 (0.01 -0.07)
6 All 0.80 (0.58 - 1.14) 1.30 (3.55 - 4.36) 1.29 (0.91 - 1.79) 0.06 (0.03 - 0.11) 0.04 (0.02 - 0.07)

SR 0.83 (0.58 - 1.22) 1.29 (3.65 – 4.26) 1.25 (0.84 - 1.78) 0.06 (0.03 - 0.11) 0.04 (0.02 - 0.07)
FR 0.79 (0.57 - 1.07) 1.32 (3.52 – 4.43) 1.32 (0.98 - 1.80) 0.06 (0.03 - 0.11) 0.04 (0.02 - 0.06)

* SR=slow responders, FR=fast responders.
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10.1.2 Wall stress

The solid mechanics studies’ findings on wall stresses largely depended on the material
properties of the components. The arterial wall consists of heterogeneous layers, which
are even more complex in a diseased artery. All these components (e.g. micro calcifi-
cation, fibres, thin caps) influence wall strength and thus the level of stress at which a
plaque ruptures (Akyildiz et al., 2016; Hutcheson et al., 2014; Nieuwstadt et al., 2014b) .
Peak stresses are especially sensitive to small errors in geometry (Speelman et al., 2008).
It is difficult to accurately determine geometry and material properties in vivo, but they
significantly influence the wall stresses and therefore must be accurately assessed (see
chapter 7 and 8). Thus, Gijsen et al. suggested that if the resolution is not sufficient to
capture the essential detailed structures, then it might be more feasible, at least for now,
to detect stable plaques, that consist of thicker fibrous caps that can be assessed more
accurately (Gijsen et al., 2015). Identifying stable plaques may reduce needless inter-
ventions. Furthermore, it is difficult to determine residual stresses in the arteries in an
unloaded state (Fung, 1991). In this thesis, we used the backward incremental method to
address this problem.

10.2 Differences between animal and human modelling

In this thesis, both animal and human data were used to study atherosclerotic plaque pro-
gression. Studies using animal models have several advantages and limitations compared
to studies in human studies. A first advantage is that laboratory animals typically have
a uniform genetic background with respect to important disease-related genes. Thus,
variation in the investigated responses (e.g. to an atherogenic stimulus) are not related
to variation in genetic expression. In contrast, patients usually do not have an uniform
genetic background, which potentially hampers the interpretation of the data. Further-
more, despite strict guidelines, studies in animal models allow repeated vessel imaging
at multiple time points, which is less straightforward in patients. Moreover, animals can
be sacrificed in order to analyse their tissue with histology. In this way, detailed analysis
of the cellular composition of an atherosclerotic plaque can be assessed, which is not
generally possible using the imaging techniques available to patients.

A limitation of animal models is that plaque development in animals—specifically, final
plaque size and composition—is not identical to that in patients. For example, in human
data, we observed plaques with the potential to rupture; these are eccentric, heteroge-
neous plaques with a thin cap covering a large lipid pool. Mice and rabbits have been
explored as an atherosclerotic animal model, but they do not naturally develop plaques as
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a response to a high-fat diet, and plaque composition did not demonstrate important fea-
tures as observed in human rupture prone plaques (van der Heiden et al., 2015). In pigs,
atherosclerosis develops naturally; however, this process takes place over decades, as it
does in humans, and pigs are therefore generally not feasible for research purposes. Al-
ternative methods have been used to accelerate atherosclerotic development in pigs, such
as the creation of a pro-atherogenic haemodynamic environment by ligation of arteries,
cast placement, genetic modification, and inducing diabetes (Al-Mashhadi et al., 2013;
Granada et al., 2009; Hamamdzic and Wilensky, 2013; Ogita et al., 2016; Shim et al.,
2017; Thim et al., 2010a; van der Heiden et al., 2015). However, plaques that develop in
a short time frame often do not resemble advanced human plaques in terms of location,
size, and composition.

We used a relatively new porcine model in our studies on shear stress-related plaque pro-
gression (chapter 3 and 6). The animals were adult mini-pigs with familial hypercholes-
terolemia (LDL-/-), and atherosclerotic plaque development was accelerated by feeding
a high-fat diet. Plaque growth in our animals demonstrated a clear split in response to
the high-fat diet. The slow-responding animals had a final wall thickness of 0.19 mm
(0.13 – 0.26 mm), and the plaques of fast-responding animals were much larger in size
(0.39 mm (0.23 – 0.67 mm)) at follow-up. The plaques observed in the fast-responding
animals were comparable in size to human plaques (chapter 4 0.43 mm (IQR: 0.11 –
0.87 mm) and chapter 5: 0.48 mm (IQR: 0.30 – 0.64 mm)). Furthermore, the plaques
of the fast responders had a high plaque burden (PB > 40%); plaques above this thresh-
old become lumen-intruding and impede blood flow (Glagov et al., 1987). Furthermore,
we confirmed previous findings (Thim et al., 2010a) in terms of plaque composition; the
plaques of the fast responders resembled a human vulnerable plaque phenotype. The
porcine plaques contained large necrotic core covered by a thin and inflamed fibrous cap,
neovascularisation, intraplaque haemorrhage, and expansive remodelling.

The plaque development process that takes decades in humans is accelerated in pigs, such
that similar plaques develop within a year. In chapter 6, plaque growth per year was 0.07
mm (IQR: 0.02 – 0.20 mm). The fast responders had a plaque growth per year of 0.20
mm (IQR: 0.06 – 0.44 mm) whereas the slow responders had a plaque growth per year
of 0.03 mm (IQR: 0.003 – 0.07 mm). In the two patient studies described in this thesis,
we found overall plaque regression: in chapter 4, plaque growth over six months was
-0.019 mm2 (IQR: -0.08 – 0.02 mm2), and in chapter 5, plaque growth over a year was
-0.01 mm (IQR: -0.10 – 0.08 mm). That we find plaque regression in patient studies is
unsurprising given that these patients are often treated with statins that reduce or reverse
plaque growth (Hartmann et al., 2011). Similar plaque regression was found by Stone et
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al. (Stone et al., 2012).

Shear stresses in the pigs (chapter 6) were more associated to overall plaque progression
than plaque regression, whereas the opposite was observed in patients (chapter 4 and 5).
These differences are explained by the different stages of atherosclerotic disease in pigs
versus humans and statin treatment of patients with atherosclerosis. Despite these ob-
vious differences, low TAWSS and high RRT were still the most predictive for plaque
growth. Furthermore, in both studies, high OSI and high CFI predicted plaque growth
slightly less accurately than TAWSS and RRT. TransWSS did not exert a direct effect
on plaque growth. The pig model described in this thesis exhibited plaque features and
associations with haemodynamics that we also observed in the patient studies. There-
fore, it is reasonable to translate the results obtained in this animal model to a clinical
setting.

10.3 Clinical perspective

It is important for clinical decision-making to know which plaque is vulnerable to acute
rupture, which plaque will become vulnerable in the future, and which AAA will cause
a life-threatening event.

10.3.1 Shear stress

Shear stress may help identify a region at risk: plaque progression is associated with low
shear stress (Bourantas et al., 2018; Samady et al., 2011; Yamamoto et al., 2017) and
rapid plaque progression is observed just prior to a myocardial infarction (Ahmadi et al.,
2015). Taken together, these results indicate that regions with low shear stress are at risk
for future cardiovascular events. Using data from the PREDICTION study, Stone et al.
investigated the predictive value of low shear stress combined with geometric parameters
(i.e. small MLA and plaque burden) already proven to be predictive of plaque progression
(Stone et al., 2012). Low shear stress, when, combined with these parameters had a
PPV of 41% to predict the progression of a significant obstruction that needed treatment
with a percutaneous coronary intervention. In this thesis, we observed that low TAWSS
alone had a PPV of 43% for plaque growth, which is higher than in previous studies.
At NIRS positive regions, an even higher PPV (48%) of TAWSS for plaque growth was
observed. 6, describing the pig study, illustrated that TAWSS was more predictive for
plaque composition (PPV = 61%) than plaque size (PPV = 50%).

In contrast, high shear stress was also proposed to predict future events because of its
involvement in plaque destabilization (Eshtehardi et al., 2017). At later stages of the
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disease, when plaques encroach into the lumen, high shear stress acts on the lumen-
intruding plaque. In high shear stress regions, there is an increase in lipids (Samady et al.,
2011; Wentzel et al., 2013). Furthermore, high shear stress regions were co-localized
with plaque rupture sites (Fukumoto et al., 2008; Groen et al., 2007), and plaques with
high shear stress upstream are associated with more MIs (Kumar et al., 2018). Taken
together, these studies support the hypothesis that coronary segments exposed to high
shear stress are more prone to evolve a high-risk plaque (Eshtehardi et al., 2017).

Although these PPVs seem high, it is clinically more relevant to investigate the propor-
tion of high-risk plaques that result in severe adverse events or MACEs. In a recent
study by Stone et al., MACEs were investigated in the PROSPECT dataset (Stone et al.,
2018), and no events were reported in the presence of high SS. However, the predic-
tive value for MACE of a high-risk plaque (with at least two high-risk features such as
MLA < 4.0 mm2, PB > 70%, and TCFA morphology) colocalized with low shear stress
is only 0.52%. Shear stress contributes to a better understanding in plaque growth and
destabilization; however, further research is necessary to identify exactly which high-risk
plaques require treatment.

Plaque development is a highly dynamic process, which may explain the low predictive
value of shear stress with or without the use of geometric features. Stable plaques can
become unstable, and vice versa (Koskinas et al., 2010). This dynamic process can be
overlooked despite the plentiful information provided by analysis at baseline and follow-
up. This thesis presents the effects of multidirectional shear stress metrics on plaque
growth and changes in composition in human studies over time. Chapter 5 illustrated sig-
nificant plaque progression in regions exposed to RRT and TAWSS. The fast responders
described in 6 experienced significant associations between plaque progression and mul-
tidirectional shear stress, except for transWSS. By contrast, the study in LADs described
in chapter 4 did not find any significant effect of low TAWSS on plaque growth. Chapter
4 used absolute thresholds for TAWSS (<1, 1–2.5 Pa, and >2.5 Pa), and in chapter 5 and 6
population-based thresholds were used for the TAWSS, which may explain this disparity.
The response of plaque progression is an interplay of different factors, such as genetics
factors, which also affect whether the endothelium responds to oscillatory flow (Krause
et al., 2018).

Chapter 4 also presented the additive effect of multidirectional flow when combining
TAWSS with another multidirectional shear stress metric. Timmins et al. investigated the
influence of multidirectional WSS on plaque progression and compositional changes in
human coronary arteries (Timmins et al., 2017). However, he used a different shear stress
metric for oscillatory WSS: the maximum angle deviation of WSS over the cardiac cycle.
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Plaques that were exposed to low TAWSS co-localized with this maximal angle deviation
exhibited substantial plaque progression and transformation towards a vulnerable plaque
phenotype. The observations in chapter 4 agree with the aforementioned study. Chapter
5 also investigated the synergistic effect of lipids on shear stress related-plaque growth
at follow-up. Systemic LDL levels or NIRS positive regions alone were not associated
with plaque growth. However, when these parameters were combined with several shear
stress metrics, TAWSS, transWSS and RRT exhibited an effect on plaque growth regions.
Further studies should elucidate which shear stress metric, perhaps in combination with
geometric features, is the best predictor for changes in plaque composition and plaque
growth.

It is currently very labour intensive to prepare a mesh suitable for the shear stress calcu-
lations on site; this process requires manual segmentation, registration, and analysis of
the boundary conditions and takes multiple days. In addition, for unsteady CFD, com-
putational times on a computer cluster will vary from 1-2 days. For shear stress to be
used clinically, it should be computed on site with minimal user input required and a
user-friendly software interface. Commercial software often meets these requirements;
however, at this moment, no commercially available software packages achieve the same
level of accuracy obtained in this thesis. If the added value of shear stress in clinical set-
tings is fully clarified, then companies will be more inclined to invest in new technology
and make shear stress computations clinically viable. In order to reduce computational
times, the models could be simplified if the accuracy is preserved. For example, we could
perform shear stress calculations based on angiographic input alone. Although some dif-
ferences in shear stress values were found, Bourantas et al. already proved that shear
stress calculation based on angiographic input alone is predictive for plaque progression
(Bourantas et al., 2018; Schrauwen et al., 2015).

10.3.2 Wall stress

In this thesis, wall stress studies (chapter 7, 8, 9) have been performed in three different
arteries: the carotid artery, coronary artery, and the abdominal aorta. Wall stress can be a
surrogate marker for immediate rupture risk when wall stress exceeds wall strength; how-
ever, wall stress analysis is not currently used in a clinical setting. Absolute thresholds
for maximum wall stress have been reported to evaluate rupture risk for both atheroscle-
rotic plaques and aneurysms; however, the incidence of plaque rupture depends on both
wall stress and an accurate definition of the wall’s material properties and thus their
strength.

Costopoulos et al. studied 32 ruptured atherosclerotic plaques and 32 non-ruptured
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atherosclerotic plaques as determined by OCT (Costopoulos et al., 2017). The maxi-
mum principal stresses in these plaques were determined using IVUS-VH images. They
found significant differences in stress between the ruptured and the non-ruptured plaques,
and they proposed a rupture risk threshold of > 135 kPa. Another study performed me-
chanical testing on ruptured aortic plaques vs. non-ruptured aortic plaques and proposed
a threshold of 300 kPa (Lendon et al., 1991). The same threshold was found in the max-
imum circumferential stress of coronary plaques that caused an MI compared to stable
plaques (Cheng et al., 1993). For carotid plaques, ruptures were observed above Cauchy
stresses of 131 kPa and 770 kPa (Lawlor et al., 2011). At this moment, these thresholds
are not sufficiently accurate.

For AAAs, analysing wall stress might be instrumental for the physician’s decision-
making process, for example when determining whether the rupture risk is greater than
the surgery risk; such analysis might replace the sometimes inadequate diameter criteria
(Vande Geest et al., 2006). Nine studies have examined peak wall stress as a surro-
gate marker for rupture risk in AAA, of which seven were significant (Groeneveld et al.,
2018). All studies indicated elevated wall stresses in ruptured (or symptomatic) com-
pared to non-ruptured aneurysm. No clear rupture threshold can be extrapolated from
these studies: they reported a wide range in values, and overlap was observed for the
aneurysms with and without rupture (Fillinger et al., 2002, 2003; Gasser et al., 2014;
Heng et al., 2008). These discrepancies are likely due to the differences in boundary
conditions and the difficulty of determining the material properties.

10.3.3 Shear stress and wall stress

Where wall stress is a marker for immediate rupture risk, shear stress might be a marker
for future rupture risk; combining these two markers could provide additional informa-
tion on rupture (Balocco et al., 2012; Fan et al., 2014). Guo et al. demonstrated that fusion
of OCT with IVUS combination provides a more accurate cap thickness than IVUS-VH
(Guo et al., 2018). Cap thickness greatly affected wall stress; however, its effect on strain
and wall shear stress was modest (Guo et al., 2018). In the studies described in chapter 5
and 6, both OCT and IVUS imaging was performed. Combining the imaging informa-
tion using the methods described in chapter 7 can enable wall stress analysis or FSI. We
hypothesize that combining shear stress with wall stress will increase the PPVs to detect
vulnerable plaques that lead to cardiovascular events.

The potential of computational modelling has only recently been recognized. The Food
and Drug Administration (FDA) recognizes modelling and simulation as a potential tool
for rupture risk assessment and has launched its Modelling and Simulation Working
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Group (U.S. FOOD AND DRUG ADMINISTRATION, 2011). In addition, commer-
cial companies such as VASCOPS (Graz, Austria) have begun to offer services assessing
rupture risk for AAAs. No software to determine plaque risk or vulnerability based on
shear stresses is clinically available yet.

10.4 Conclusions

Computational modelling is a powerful tool to identify stresses in diseased arteries to pre-
dict which artery or plaque is at immediate or future risk of a cardiovascular event. In this
thesis, new methodologies have been developed to further improve computational mod-
elling of biomechanical stresses in diseased arteries. These new methodologies enabled
wall stress analysis in AAA geometries obtained via 3D-US and in plaque geometries
obtained via combined OCT and IVUS imaging. Further, multidirectional shear stress
parameters proved to be importantly affecting plaque composition. Moreover, shear
stress in combination with NIRS positive regions produced promising results for pre-
dicting plaque progression and composition changes. Therefore, multidirectional shear
stress, perhaps in combination with NIRS, might potentially serve as a risk factor for
plaque progression and changes in plaque composition in the clinic. Before these factors
can be clinically employed, future research should further elucidate the clinical value of
shear stress and wall stress as a predictor of changes in disease stage and cardiovascular
events.
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Appendix A

Mathematical descriptors of the shear stress metrics.

Shear stress metric Formula

Time-averaged wall shear stress
(TAWSS) [Pa]

TAWSS =
1
T

∫ T
0 |τw(x, t)|dt

Oscillatory shear index
(OSI) [-]

OSI ≈ 0.5 ∗

1 −
∣∣∣∣∣ ∫ T

0 τw(x, t)dt
∣∣∣∣∣∫ T

0 |τw(x, t)|dt


Relative residence time
(RRT) [Pa−1]

RRT≈
1

T AWS S (x) ∗ (1−2∗OS I(x))

Transverse wall shear stress
(transWSS) [Pa]

transWSS =
1
T

∫ T
0 |τw(x, t) · p(x)|dt

with
p(x) =

n(x) ×

1
T

∫ T
0 τw(x, t)dt∣∣∣∣∣ 1

T

∫ T
0 τw(x, t)dt

∣∣∣∣∣
Cross flow index (CFI) [-] CFI =

1
T

∫ T
0

∣∣∣∣∣ τw(x, t)
|τw(x, t)|

· p(x)
∣∣∣∣∣dt

* τw (x,t) is the instantaneous shear stress vector for each node x and time t. The cardiac cycle time is T. p(x)
is the vector perpendicular to the surface normal n(x) and the mean wall shear stress vector.
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Door de opkomst van het digitale tijdperk worden computermodellen in de gezondheids-
zorg steeds meer gebruikt om ziekten bij de mens beter te begrijpen, te assisteren in de
gezondheidzorg of bij te dragen aan de verbetering van gezondheidszorg. Met computer-
modellen kunnen fysische fenomenen worden gesimuleerd. In dit proefschrift zullen we
computermodellen toepassen om spanningen uit te rekenen in aneurysmata in de abdomi-
nale aorta, en in slagaderen (kransslagaders en in de halsslagaders) met atherosclerose.
Hierbij kan zowel gedacht worden aan schuifspanningen als gevolg van de wrijvings-
kracht van de arteriële bloedstroom tegen de slagaderwand, maar ook aan spanningen
in de vaatwand veroorzaakt door de bloeddruk. Computermodellering is een krachtig
hulpmiddel voor het identificeren van spanningen, die mogelijk kunnen dienen als een
surrogaat risicomarker in door ziekte aangetaste slagaders.

Schuifspanningen
Atherosclerose is een complexe multifactoriële arteriële aandoening die ontstaat door

een combinatie van hemodynamische, systemische en biologische factoren. De geo-
metrie heeft een grote invloed heeft op de lokale stroming, daarom zijn geometrische
parameters onderzocht op hun geschiktheid als alternatieve risicofactor voor atheroscle-
rose. In Hoofdstuk 2 is de invloed van de geometrie op hemodynamische parameters
in zowel de halsslagaders als de kransslagaders beschreven. Voor zowel halsslagaders
als kransslagaders werden meerdere geometrische kenmerken geı̈dentificeerd die samen-
hangen met de aanwezigheid van lage en oscillerende schuifspanning. Als de interne
halsslagader, die distaal aftakt van de halsslagader, veel kleiner was dan de halsslagader
zelf, dan was de halsslagader vaker blootgesteld aan lage en oscillerende schuifspannin-
gen. Voor de kransslagaders was een grote hoek tussen het moedervat en de zijtakken
ook geassocieerd met de aanwezigheid van lage schuifspanningen.

Verschillende slagaders in het lichaam vertonen helix-achtige stroming en deze zou be-
schermend zijn tegen atherosclerose. In Hoofdstuk 3 werden computermodellen ge-
bruikt om de aanwezigheid van helix-achtige stroming in (varkens) kransslagaders te
onderzoeken. Deze studie toonde aan dat de stroming in kransslagaders bestaat uit twee
tegengesteld draaiende helix stromen, deze werden beschreven in een aantal heliciteit-
indexen. Hoge heliciteit-intensiteit was inderdaad geassocieerd met gunstige hoge WSS-
condities, wat inderdaad suggereert dat de helix-achtige stroming beschermt tegen athe-
rosclerose is in kransslagaders.
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In het cardiovasculaire systeem pulseert de bloedstroom, resulterend in temporele en
spatiele fluctuaties in schuifspanning in zowel de grootte als de richting. Nieuwe me-
trieken die de multi-directionaliteit van schuifspanning beschrijven werden bestudeerd
in twintig humane kransslagaders met betrekking tot de invloed op de groei van plaques
en veranderingen in de samenstelling van de plaque (Hoofdstuk 4). We toonden aan
dat multidirectionele schuifspanningsveranderingen over een periode van 6 maanden de
samenstelling van de plaque beı̈nvloedt, maar in mindere mate de veranderingen in de
plaquegrootte beı̈nvloedt. Interessant genoeg bleken TAWSS en CFI (een van de mul-
tidirectionele schuifspanning metrieken) een synergetisch effect te hebben op de groei
van plaques en veranderingen in de samenstelling van de plaque. Samengevat, beeld ge-
baseerde beoordeling van (multidirectionele) schuifspanning en plaquesamenstelling in
kransslagaders is noodzakelijk om het proces van atherosclerotische plaqueprogressie en
destabilisatie beter te begrijpen.

In Hoofdstuk 5 werd een nieuwe beeldvormende NIRS-IVUS-katheter gebruikt om si-
multaan informatie te verkrijgen over de plaquegrootte en de aanwezigheid van lipiden
in de plaque bij patiënten met acuut coronair syndroom. Schuifspanning werd berekend
bij inclusie in de studie en de beeldvorming werd na een jaar herhaald om de progres-
sie van de plaque te bestuderen. We observeerden dat schuifspanning gecolokaliseerd
met lokale lipide-rijke plaques zelfs een betere voorspeller is voor plaqueprogressie dan
schuifspanning alleen. We vonden geen verschil in plaquegroei van lipide-rijke plaques
ten opzichte van lipide-arme plaques. Wel werd er een synergistisch en significant ef-
fect van NIRS-positieve gebieden met multidirectionele schuifspanning op plaquegroei
waargenomen. In het bijzonder waren hoge RRT en lage transWSS meer voorspellend
voor plaqueprogressie en hoge transWSS voor plaqueregressie in NIRS-positieve regio’s
vergeleken met NIRS-negatieve regio’s. We vonden geen significant effect van hoge sys-
temische LDL-spiegels in combinatie met schuifspanning om plaqueprogressie te voor-
spellen. Daarom suggereren deze gegevens dat toekomstige studies baat zouden hebben
bij NIRS-gebaseerde lipidebepaling in combinatie met verschillende schuifspanningspa-
rameters voor de schatting van regio’s met een verhoogd risico op plaquegroei.

Hoofdstuk 6 beschrijft de relatie tussen atherosclerotische plaque-progressie en veran-
deringen in samenstelling en (multidirectionele) shear stress in een nieuw varkensmodel
voor atherosclerose. De volwassen varkens waren hypercholesteremisch vanwege een
mutatie in de LDL-receptor. Verder hebben deze varkens gedurende 9-12 maanden een
vetrijk dieet gekregen om de ontwikkeling van atherosclerose te versnellen. Dit model liet
een duidelijke verdeling zien in twee groepen met betrekking tot plaque groeisnelheid;
in een groep ontstond er snel plaque verdikking en in de andere langzaam. Plaquegroei
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en meer gevorderde plaquefenotypes waren sterk geassocieerd met lage TAWSS en hoge
multidirectionele schuifspanning in de varkens met snelle plaque groei. Interessant is dat
in de groep varkens die langzaam plaque groei vertoonde geen verband werd gevonden
tussen plaquegroei en (multidirectionele) schuifspanning.

Wandspanningen
Een subgroep van atherosclerotische plaques die zich in het cardiovasculaire systeem

ontwikkelen, loopt een hoog risico om te scheuren, wat mogelijk kan leiden tot een hartin-
farct of een beroerte. Deze subgroep van plaques met een hoog risico op ruptuur bevatten
meestal een grote necrotische kern, zijn zeer ontstoken en hebben een dunne kap die over
de necrotische kern ligt. Computermodellen worden momenteel gebruikt om de lokale
spanningsverdeling in de plaque te berekenen. De spanningsverdeling kan vervolgens
gebruikt worden om het risico op kap ruptuur te voorspellen. Om computermodellering
mogelijk te maken, is een geometrische beschrijving nodig van de plaque. Specifiek, de
geometrie van de necrotische kern, de kap en de wand zijn nodig. In het geval intravas-
culaire ultrageluid (IVUS) en/of optische coherentietomografie (OCT) - twee klinische
invasieve beeldvormingstechnieken – worden gebruikt om de plaque af te beelden. Met
deze combinatie van beeldvormende technieken kan de necrotische kern niet volledig
worden gevisualiseerd, dat wil zeggen de achterkant van de necrotische kern niet zicht-
baar is op de beelden. Daarom werd een nieuwe methodologie ontwikkeld om de grootte
van de necrotische kern te schatten (Hoofdstuk 7). Om dit mogelijk te maken werd een
empirische relatie afgeleid tussen een aantal geometrische kenmerken van de plaque en
de dikte van de necrotische kern (NC) met behulp van histologie als gouden standaard.
De necrotische kerndikte bleek gerelateerd te zijn aan de volgende geometrische kenmer-
ken: necrotische kern (NC) hoek, intima-mediadikte en kapdikte. Vervolgens werd deze
kennis gebruikt om de achterkant van de necrotische kern te reconstrueren. De waarden
van de piek spanning in de kap op basis van de histologie waren sterk gecorreleerd met de
piek spanningen die werden berekend in de geometrieën waarin de NC’s waren gesloten.
De methodologie die in dit onderzoek is ontwikkeld, maakt toekomstige wandspannings-
studies mogelijk waarbij fusie van IVUS- en OCT-beeldvorming wordt toegepast.

Magnetische resonantie (MRI) wordt vaak gebruikt om plaques in de halsslagader af te
beelden, maar heeft helaas een te lage resolutie om de kap nauwkeurig af te beelden. In
Hoofdstuk 8 werd een nieuwe methode ontwikkeld om de voorkant van de NC te schat-
ten met behulp van een geometrisch model. De geometrie van de gouden standaard was
gebaseerd op histologie en daardoor waren gedetailleerde kenmerken zoals lokale krom-
ming in het lumen en de necrotische kern te zien. Echter een MRI-expert die dezelfde
geometrieën segmenteerden in gesimuleerde MRI beelden van de histologische coupe
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was niet in staat om deze kleine kenmerken te identificeren op deze MRI, vermoedelijk
vanwege de beperkte resolutie. De resultaten van deze studie toonden aan dat met de
dikte van de kap met behulp van het model beter werd beter dan de dikte die ervaren
MRI-experts afleidde uit de MRI beelden. Deze verbetering vertaalde zich echter niet
terug in een verbetering in de piek spanningen in de kap. Waarschijnlijk hebben de MRI
simulaties belangrijke geometrische kenmerken glad gestreken, die belangrijker waren
voor de wandspanningsberekeningen dan de minimale kapdikte.

Hoofdstuk 9 toont de eerste resultaten van piekwandspanningen in AAA-geometrieën
afgeleid van 3D-US. De resultaten werden vergeleken met de geometrie van de gouden
standaard verkregen met computer tomografie (CT). De 3D geometrie op basis van 3D
US kwam goed overeen met de 3D geometrie verkregen met CT. Echter, in sommige
AAA’s kon de volledige AAA-geometrie niet in één 3D US-opname worden vastgelegd.
Daarom werden in deze gevallen meerdere US opnames samengevoegd. Helaas leverde
dit onregelmatigheden op in de geometrie, wat tot hoge lokale pieken in de wand span-
ning leidde. Hierdoor was het niet mogelijk om de 99ste percentiel te gebruiken als
resultaat van de wandspanningsberekeningen. De gemiddelde CT vs. US wandspan-
ningen van alle geometrieën waren echter in overeenstemming. Als de 3D-reconstructie
op basis van 3D-US verbetert, is het mogelijk een goede beeldvormingsmodaliteit voor
zowel medische als onderzoeksdoeleinden.

In dit proefschrift zijn nieuwe methodologieën ontwikkeld om computersimulaties in
zieke slagaders verder te verbeteren. Deze nieuwe methodologieën maakten wandspan-
ningsanalyse mogelijk in AAA-geometrieën verkregen via 3D-US en in plaque-geometrieën
verkregen via zowel IVUS- als OCT-beeldvorming. Verder vertoonden (multidirectio-
nele) schuifspanning in combinatie met NIRS-positieve gebieden veelbelovende resul-
taten voor voorspelling van plaque-progressie en veranderingen in samenstelling van de
plaque. Daarom zou (multidirectionele) schuifspanning, misschien in combinatie met
NIRS, kunnen worden gebruikt als een potentiële risicofactor voor plaque progressie
en veranderingen in de samenstelling van de plaque. Toekomstig onderzoek moet de
klinische waarde van (multidirectionele) schuifspanning en wandspanning aantonen op
de voorspelling van plaque progressie en destabilizatie. Alleen dan zijn grote klinische
studies nuttig om de effectiviteit van behandelingen op basis van deze risicofactoren te
onderzoeken ten opzichte van de conventionele behandelmethoden.
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