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Voorwoord
Beste lezer,
U leest nu mijn laatste werk van de opleiding Technische Geneeskunde (bachelor) – Technical
Medicine (master), ook wel Master’s Thesis genaamd. Van december 2013 tot december 2014 heb
ik hieraan gewerkt bij de afdeling Radiologie van het Universitair Medisch Centrum Groningen.
In deze periode heb ik mij verdiept in de wondere wereld van het hart, haar kransslagaderen,
de eindeloze mogelijkheden om dit te visualiseren en hoe/of deze beeldvorming gebruikt kan
worden om meer inzicht te krijgen in wie hartpatiënten worden en waarom. Een speerpunt hierin
is het onderzoeken van het hart op een zo minimaal invasief mogelijke wijze: een algemene
filosofie die de mastertrack ‘Medical Imaging & Interventions’ in mijn ogen belichaamt. In
dit kader is het de kunst om met zo weinig mogelijk schade aan de patiënt, zo veel mogelijk
informatie te verkrijgen, wat bij kan dragen aan meer therapeutische mogelijkheden of - in het
huidige geval - een betere diagnostiek.
Tevens ben ik naast onderzoeker één dag in de week voornamelijk bij de afdeling Radiologie
actief geweest op diverse subafdelingen om de laatste klinische ervaring in mijn opleiding
op te doen. Enerzijds ben ik nauw betrokken geweest bij radiologische onderzoeken voor
patiënten met (verdenking op) coronairlijden, en anderzijds heb ik inzichten en ervaring kunnen
vergaren bij de secties interventieradiologie, neuroradiologie, abdomen radiologie (echografie),
(interventie-)cardiologie, en thoraxchirurgie. Dit alles heeft mij gebracht naar waar ik nu sta: aan
de drempel van een medisch-academische wereld met legio onontgonnen gebieden waar mijns
inziens nog talloze technische innovaties kunnen worden ontdekt en toegepast om patiëntenzorg
te verbeteren.
Ik hoop met dit werk te laten zien wat het nut kan zijn van het meten hoe kransslagaderen er
geometrisch uitzien en hoe ze bewegen tijdens de hartcyclus, en dat de afdeling Radiologie/CMINEN

hier potentie in ziet om zich verder te interesseren in dit onderwerp.

Jordy van Zandwijk
Groningen, 4 december 2014
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Summary

Introduction: Development of atherosclerotic plaques in the coronary arteries is reported to
be influenced and enhanced by hemodynamic deviating situations. Coronary hemodynamics
could in turn be influenced by static and dynamic geometry of the coronary arteries. These
relationships could be used as identifiers to determine coronary artery disease risk profiles.
However, the evidence in this area is mainly based on invasive techniques such as intravascular
ultrasound and therefore sparse, and not suitable to be applied in a screening environment or
in asymptomatic patients.
Goals: To establish a method for quantifying coronary geometry characteristics in both static and
dynamic situations, and to demonstrate relationships between coronary geometrical parameters
and plaque development in the coronary arteries by using non-invasive imaging with computed
tomography (CT).
Methods: All patients in this study underwent coronary CT angiography with high-resolution
reconstructions in one phase (patient Group 1) or low-resolution reconstructions in multi-phases
(patient Group 2) of the cardiac cycle. Group 1 involved patients with extra-cardial arterial
disease, and Group 2 patients scheduled for elective coronary angiography. Three-dimensional
reconstructions of centerlines through the major coronary arteries were obtained using commercially available software. End-diastolic phases, respectively end-diastolic and end-systolic
phases were used in quantification of static (Group 1) and dynamic (Group 2) geometrical
parameters. These parameters included vessel length, curvature, tortuosity, and the number
of inflection points. Plaque development was assessed as degree of stenosis, plaque type and
length, and the cross-sectional distribution of plaque. Associations between geometry and
plaque development were statistically investigated.
Results: Static geometrical parameters showed an association with plaque development (patient
Group 1, n=73). Dynamic geometrical parameters in patient Group 2 (n=71) could quantify
changing geometry on artery and segment level in terms of curvature, tortuosity, and inflection
points. No associations were found in patient Group 2 between change in geometry through
the cardiac cycle and degree of stenosis. Both static and dynamic geometrical parameters were
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associated with length of plaque on segment level in patient Group 2. Plaques were preferably
distributed close to the myocardium and in the inner curve of segments.
Conclusion: Static parameters of the coronary arteries are associated with degree of stenosis in
the coronary arteries, but this association was not found for change in geometry through the
cardiac cycle. However, based on the results of both patient groups, it can be concluded that
the relation of static and dynamic geometrical parameters with plaque length in segments can
be an indication of the extent of coronary artery disease. New and deeper insights in anatomy,
motion, and deformation of the coronary artery tree were obtained, which could eventually lead
to development of novel image biomarkers to identify risk of coronary artery disease.
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CHAPTER

1
General Introduction

1.1

coronary circulation

1.1.1

Anatomy

The heart is an essential organ in the human body and needs oxygen supply for proper
functioning. Usually just after the aortic valve, the first side branches of the aorta (i.e. coronary
arteries) that distribute oxygenated blood to the myocardium originate: the right coronary
artery (RCA) and the left coronary artery (LCA). The course of these arteries follows the shape of
the myocardium and they give off numerous side branches to distribute oxygenated blood to the
entire myocardium. Figure 1.1 depicts an overview of the coronary arteries and their location in
relation to the myocardium. The American Heart Association (AHA) reporting system from 1975
[1] is still the maintained standard for describing segment classification of the coronary arteries.
Segments of interest in this study are numbered in Figure 1.2.
The RCA arises from the anterior sinus of
Valsalva and runs between the right atrium and
right ventricle to the inferior part of the intraventricular septum through the right atrioventricular (AV) groove. The acute marginal branch
is the most prominent side branch and represents the beginning of the distal segment. After
the distal segment, the RCA continues in the AV
groove and gives of a branch to the AV node and
in approximately 85% of the cases a posterior
descending artery (PDA) (right-dominant sys-

Figure 1.1 Anterior projection of the coronary arRCA, LAD, and LCx (see text for a description of their courses) are visible. From ‘The
Radiology Assistant’.

tem) to supply the inferior wall of the left ven- teries. The
tricle and the inferior part of the septum. The
left coronary artery arises as the left main (LM)

artery from the left aortic sinus of Valsalva and divides almost immediately into a left anterior
descending (LAD) artery and left circumflex (LCx) artery. The LAD runs anteriorly through the
interventricular groove, giving off branches to the interventricular septum and continues to the
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Figure 1.2 Schematic overview of the coronary artery segments. Relevant in this work are: 1 - proximal
RCA, 2 - mid RCA, 3 - distal RCA, 5 - LM, 6 - proximal LAD, 7 - mid LAD, 8 - distal LAD, 11 - proximal LCx,
and 13 - distal LCx. Adapted from [3].

apex of the heart. It supplies most of the left ventricle with its diagonal branches. The LCx in
contrast, runs through the left AV groove to supply vessels for the lateral wall of the left ventricle.
In most cases this artery is only marginally present and will end as an obtuse marginal branch,
but in approximately 8% of the cases a PDA is supplied by the LCx (left-dominant system).[2]

1.1.2 Coronary Artery Disease
Coronary artery atherosclerosis has been
the largest cause of death of humans in
the Western civilization during the past
decade.[4] Atherosclerotic changes in the
walls of the coronary arteries are more
commonly referred to as coronary artery
disease (CAD). In this disease plaques
are building up in the intimal and medial wall layers of the coronary arteries.
Myocardial ischemia or infarction are lifethreatening events that may occur due to
lumen narrowing plaques or occluding

Figure 1.3 Examples a normal coronary artery, an artery

blood clots at lesion sites. An example with developed atherosclerosis, and with a jammed blood
of atherosclerosis development is shown

clot, resulting in complete obstruction of the artery at this
point. Author: Tapan Chatterjee.

in Figure 1.3. Although patients with se-
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vere CAD develop signs and symptoms such as characteristic chest pain (angina) that are often
easily identified, the disease can show no clinical signs during much of its development. The
most serious risk for people with silent CAD is that sudden cardiac death (due to myocardial
infarction) occurs before the first onset of symptoms.
A lot of research has addressed which patients will be (future) CAD patients and many risk
factors have been revealed. These risk factors can provide reliable indications for physicians, but
it is still difficult to predict in which particular patient atherosclerosis will develop and at which
location. Some of these CAD risk factors can be controlled by lifestyle changes (e.g. smoking,
lack of physical activity, unhealthy diet), whereas others can be controlled by patients less or
not at all (e.g. high blood cholesterol, high blood pressure, diabetes). One proposed risk factor
of CAD that cannot be controlled by patients is the specific geometry of the coronary arterial
system, which could be a potential risk factor for (the onset of) atherosclerosis.[5] However,
coronary arteries exhibit large variation in anatomic configuration and there are infinite methods
of describing (or modeling) geometry. Some associations between preferred sites of CAD and
geometry have been described,[6] but the added value of geometric information and whether it
can be a potential risk factor are still subjects of debate.

1.1.3

Imaging for CAD

Hemodynamically significant stenoses in the coronary arterial system are causing ischemia of
the myocardium supplied by the relevant vessel. The goal of coronary imaging is to provide a
clinical tool that can reliably visualize the proximal, mid and distal coronary branches where
hemodynamically significant stenoses could be present. Cardiac imaging in order to assess
anatomical stenoses of the coronary arterial system is challenging in many aspects. For instance,
cardiac motion and the small vessel size require adequate temporal and spatial resolution and

(a) 3D volume rendered image (RCA is green). (b) CPR view of the RCA in (a).
Figure 1.4 Examples of visualization methods with a CT generated dataset. No atherosclerotic plaques are
present in this RCA.
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are therefore key elements in the choice of a suitable imaging modality.[7] The most accurate
method for coronary imaging was until recently invasive coronary angiography (ICA), because
of its superior temporal resolution over techniques as coronary computed tomography (CT)
and magnetic resonance (MR) imaging.[8] Furthermore, its invasiveness allows physicians to
perform revascularization techniques such as percutaneous coronary intervention or coronary
stenting.[9] The main limiting factor of MR coronary imaging, is its lower spatial resolution
which is required for adequate stenosis assessment.[8, 10]
Development of multi-detector computed
tomography (MDCT) and dual-source computed tomography (DSCT) has led to improvements in both temporal and spatial resolution
in CT imaging. This makes coronary computed tomography angiography (cCTA) the
preferred choice for coronary assessment and
the applied imaging modality throughout this

Figure 1.5 Visualization of the CPR principle. The red

study. An additional advantage over ICA is line represents a tubular structure (e.g. blood vessel).
From [11].

that CT can also provide information about
the vessel wall and characterization of coronary plaques. The current imaging modality in
University Medical Center Groningen (UMCG) is a 64-row dual-source CT scanner (Somatom Definition, Siemens Medical Systems, Erlangen, Germany). This first-generation DSCT scanner has a
temporal resolution of 83 ms. Dedicated software allows users to apply multiple visualization
techniques on the reconstructed data. Examples are the three-dimensional volume rendering
technique (Figure 1.4a) and curved planar reformation (CPR) (Figure 1.4b and next paragraph).
Study data was analyzed using Aquarius iNtuition (Ver.4.4.11, TeraRecon, San Mateo, USA)1
commercially available software.

curved planar reformation

An important image reconstruction technique used in

this work is CPR. In this process, tubular structures such as blood vessels are displayed along
a longitudinal cross-section in order to assess morphology.[11] The central axis through the
lumen is shown in the left side of Figure 1.5, with a re-sampled surface through the lumen on
the right. Visualization of the structure with lumen is preserved. Objects that are on the curved
surface and not touched by the centerline are reconstructed in a deformed manner. Distortion
of objects in CPR is analogous to the mercator projection of the earth (see Figure A.1 and A.2
for this analogue example). Rotating the CPR around its central-axis is necessary to visualize
and assess the entire lumen. A stretched CPR type is used, which has the main advantage of
preserved voxel isometry, making length (and other centerline-based) measurements possible.
CPR-based
1

measurements were essential throughout this study.

More information at http://www.terarecon.com/wordpress/our-solutions/intuition-workflow.

Chapter 1
– general introduction –

5 71
1.2

motivation

It is generally thought that deviations in blood flow play an important role in plaque development in the coronary arteries.[12] A parameter that is often used in describing hemodynamic
alterations is wall shear stress (WSS), defined as the force per unit area that blood flow exerts
on the vessel wall. WSS (τw ) is dependent on blood viscosity and flow velocity profile, often
simulated in computational fluid dynamics (CFD) studies as shown in Equation 1.1 (Newton’s
law of viscosity)[13].

τw = µ

δu
δy


(1.1)
y =0

In this equation, µ is the dynamic viscosity of blood, u the velocity of the blood parallel to the
vessel wall and y the distance to the vessel wall. The fraction

δu
δy

represents the blood velocity

gradient. Considering this equation, a major shortcoming of imaging techniques for accurate
estimation of the WSS becomes clear as the inability of accurate arterial wall tracking. This needs
to be performed with enough spatial and temporal resolution in the coronary arteries to provide
a reliable quantification of τw .[13]
The WSS parameter has been found with CFD to be
low in particular at bifurcations or at the inner curve
of a blood vessel, of which an example can be seen
by the dark blue color in Figure 1.6.[5] Furthermore,
some studies use a time-averaged/oscillatory WSS as
hemodynamic parameter, which has been associated before with early atherosclerosis.[14–16] Oscillatory WSS
can be used for blood vessels that are non-moving (e.g.

Figure 1.6 Example of the left coronary bi-

carotid/iliac arteries), but the coronary arteries are al- furcation with modeled WSS. Low WSS is
most non-stop in motion. This life-time movement especially seen at the inner curve of the LCx

branching; a preferred site for atheroscle-

affects WSS parameters even more. Furthermore, evi- rosis. Adapted from [5].
dence that plaque development occurs mostly at sites

of low/oscillatory WSS is not always perfectly clear, and sufficient large study samples and
studies considering human vessels instead of modeling them are required.[17]
Hemodynamics have been associated before with specific geometry of the coronary arteries.[6,
18, 19] Furthermore, there are also studies that relate geometrical parameters such as vessel
length, curvature, and tortuosity with the onset or presence of atherosclerosis.[5, 6, 16, 20]
However, these (mostly CFD-based) studies are lacking geometrical information from real human
coronary arteries in sufficient large numbers, or do not account for the change in geometry
during the cardiac cycle. Another important rationale to use (dynamic) geometry as a potential
biomarker for atherosclerosis, is that coronary geometry is thought to be affected less by
atherosclerotic processes, in contrast to WSS.[6] The question arises whether dynamic coronary
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geometry can be used as a biomarker or potential risk factor for atherosclerosis in the coronary
arteries.
More rationale for investigating the influence or predictive value of geometrical characteristics
of the coronary arteries on development of plaques, and substantiation from previous studies is
given in the introduction sections of Chapter 2 and Chapter 3.

1.3

objectives

Preliminary research at the Radiology department at University Medical Center Groningen was
already initiated when this master internship started and conducted primarily by mr. V. Tuncay.
This research focused on geometry assessments of the coronary arteries observed in a static
situation. In this master internship, contributions were made to the already initiated research,
and this was extended based on its observations, outcomes, and limitations. The primary aim of
this study is to investigate how the coronary arteries are moving during the cardiac cycle and if
there is a relationship with the development of atherosclerotic plaques in these arteries. The
following main research questions were answered.

1.3.1 Research Questions
• What is the static relation between coronary geometry and the extent of CAD?
~ Chapter 2 (lead author V. Tuncay)
• How does coronary geometry change in different phases of the heart cycle?
~ Chapter 3
• What are the associations between sites of plaque development with specific dynamic
coronary geometry?
~ Chapter 4

1.4

outline of this thesis

The purpose of the current chapter (Chapter 1) was to introduce the basics in this field of
medicine, the applied techniques, and to get acquainted with relevant terminology. Furthermore,
rationale for the initiation of this project was given to provide the reader background on research
questions and setup.
The next chapter (Chapter 2) investigates the relation between the geometrical configuration
of the coronary arteries in one phase of the cardiac cycle and the extent of CAD. This research
was mainly performed by mr. V. Tuncay, on which the research from this thesis continues.
His work is co-authored and the manuscript is therefore adapted and included as a chapter

Chapter 1
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in this thesis. Chapter 3 proposes a more sophisticated quantification method of the changing
coronary geometry during the cardiac cycle based on dynamic DSCT scans. This involves an
other patient group than was used in Chapter 2. Using this method, differences were quantified
with the available software. In Chapter 4, a more detailed method is established that describes
the type, location, and severity of plaque development with respect to the hemodynamic basis
of atherosclerotic processes in the coronary arteries. Subsequently, plaque quantifications will
be associated with the geometrical difference results of Chapter 3, to provide insights about
their interdependency or coherence.
Chapter 5 will finalize this thesis with specific attention to the geometrical parameters used
in this work, and the potential to improve these parameters with respect to the hemodynamic
relevance for the coronary arteries. Furthermore, directions for future research will be given,
based on the findings and limitations that were discovered throughout this research. This thesis
concludes with a general conclusion of the results from all chapters.

Chapter 1
– general introduction –
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CHAPTER

2

Coronary Geometry and the Extent of Coronary Artery Disease
Manuscript title: CT angiography based coronary curvature and tortuosity in relation to the presence and
extent of coronary artery disease
Authors: V Tuncay1 , R Vliegenthart1,2 , MAM den Dekker,1,2 , GJ de Jonge,2 , JK van Zandwijk1,3 , P van der
Harst,4 , M Oudkerk,1 , ER van den Heuvel,5 , PMA van Ooijen,1,2

– Under preparation for submission –

2.1

introduction

Atherosclerosis in the coronary arteries (coronary artery disease (CAD)) starts early in life and is
the leading cause of mortality in the Western world.[4, 9] Plaques evolve over time and can cause
narrowing of coronary arteries with consequently reduced coronary blood flow and cardiac
ischemia. Coronary plaque rupture can lead to clot formation and complete acute occlusion of a
vessel, with acute myocardial infarction as a consequence.
Development and progression of plaque is reported to be influenced by biochemical, biological, and mechanical factors.[21] One of the mechanical factors influencing the plaque process is
shear stress on the coronary artery wall (i.e. WSS).[6, 21–23] In these in vivo studies, WSS was in
turn dependent on the coronary artery geometry, with low shear stress being predominant in
the inner curvature of the vessel. Atherosclerotic plaques are more often present at the inner
curvature of the vessel, as well as at vessel bifurcations,[6, 20] although contradicting results
have been reported.[24]
Gaining insight in the effect of the three-dimensional vessel geometry on plaque development
could be of great importance to allow early detection of individuals at increased risk of CAD, and
could serve as an additional predictive factor to be evaluated on anatomical imaging techniques.
Therefore, we investigated the relationship between coronary curvature and tortuosity with
presence and extent of CAD using non-invasive cCTA imaging.
1

Center for Medical Imaging - North East Netherlands (CMI-NEN), University Medical Center Groningen
Department of Radiology, University of Groningen, University Medical Center Groningen
3 Technical Medicine Faculty, University of Twente
4 Department of Cardiology, University of Groningen, University Medical Center Groningen
5 Department of Epidemiology, University of Groningen, University Medical Center Groningen
2
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2.2

methods

2.2.1

Patients

The current study is a sub-study of the GROUND-2 study, which evaluated the presence of coronary artery disease in asymptomatic patients with a history of extra-cardiac arterial disease.[25]
All patients underwent non-invasive cardiac imaging by cCTA and adenosine perfusion MR
imaging. The GROUND-2 study protocol was approved by the institutional review board of the
UMCG,

and written informed consent was obtained from all participants. Participants of the

GROUND-2

study whose scans were reconstructed at end-diastolic (ED) phase were included

in this sub-study. Patients filled out a questionnaire regarding extra-cardiac arterial disease,
medical history, risk factors, medication use, and family history. Exclusions were made in cases
of history or complaints of symptomatic CAD. Hypertension was defined as systolic blood
pressure ≥140 mmHg and/or diastolic blood pressure ≥90 mmHg, or anti-hypertensive medication. Dyslipidemia was defined as LDL cholesterol ≥4.0 mmol/L, HDL cholesterol ≤1.2 mmol/L
(women) or ≤1.0 mmol/L (men), triglycerides ≥4.0 mmol/L, or lipid-lowering medication.
Diabetes was classified as fasting plasma glucose >7.0 mmol/L, known diabetes or medication
for diabetes.

2.2.2 Computed Tomography

CT

scans were performed on a dual-source CT scanner (SOMATOM Definition, Siemens, Erlangen,

Germany) with a standardized scanning protocol. cCTA was performed in spiral mode, using
retrospective electrocardiography (ECG)-gating. Pulsing window was dependent on heart rate.
Below 65 beats per minute, data were acquired at 70-75% of the cardiac cycle, and above 65 beats
per minute, a window of 35-75% was used. Patients received intravenous beta-blocker to lower
the heart rate if necessary. All patients received nitroglycerin sublingually, for vasodilation. The
following scan and reconstructions parameters were applied: 32x0.6 mm collimation, image
acquisition 64x2x0.6 mm with flying z-spot, increment 0.4 mm, 330 ms rotation time, tube
voltage and tube current according to body weight, pitch depending on heart rate of the patient,
field-of-view 205 mm. Images were reconstructed as consecutive 0.6 mm slices.

2.2.3 Assessment of Coronary Artery Disease

Attending radiologists with experience in cardiac CT ranging from 5 to over 10 years performed
analysis of the cCTA. Coronary evaluations were done on Syngo (Siemens, Erlangen, Germany).
Severity of stenosis (significant/non-significant) was assessed for each major artery (RCA, LAD,
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and LCx) and for each segment, according to the 15-segment modified AHA classification.[1]
Significant stenosis was defined as ≥50% or ≥70% lumen surface reduction by visual assessment.

2.2.4

Assessment of Coronary Artery Geometry

Two observers independently performed coronary artery
geometry assessment on the dedicated software (Aquarius
iNtuition Ver.4.4.11, San Mateo, USA). Measurements were
performed twice by the first observer (VT) for the whole
data. The second observer (MdD) only performed measurements on a subset of 20 randomly selected datasets for interreader analysis. A standard cardiac workflow protocol was
selected for the 3D reconstructions. Following automatic
ribcage removal, related workflow steps were selected for
detailed inspection of the main coronary arteries (RCA, LM,
LAD,

Figure 2.1 Volume rendered com-

and LCx). The coronary arteries could be selected on puted tomography image of an RCA
the transverse slices or the volume rendered reconstruction centerline extraction.
(Figure 2.1), resulting in a CPR of the selected vessel with
automated initiation of centerline extraction. Curvature and tortuosity measurements were
performed based on the centerlines. Each segment was marked followed by semi-automated
curvature and tortuosity measurements, which were performed on segment and artery level
(Figure 2.2). Segments with an average diameter of less than 1.5 mm were not evaluated to

ensure reproducibility. Arteries where centerline extraction was not possible were excluded.
Curvature is basically defined as the inverse radius (Figure 2.3a) and is calculated with Menger‘s
method.[26, 27] Average of the local curvatures on the range is given as the end result of the
curvature measurement. Tortuosity is defined as the path length (P) of the centerline divided by
the straight distance (D) between begin and endpoint (Figure 2.3b).[28]

2.2.5

Statistical Analysis

Statistical analyses were performed using SAS version 9.3 (SAS Institute Inc., Cary, NC, USA) and
IBM SPSS

Statistics version 20.0.0.1 (SPSS Inc., Chicago, IL, USA). The results of nonparametric

descriptive statistics are given as median [25 and 75 percentiles]. Inter- and intra-reader
agreement was determined and intraclass correlation coefficient (ICC)’s were calculated by the
bivariate correlations analysis of SPSS to assess inter- and intra-reader agreement for curvature
and tortuosity. The ICC can be interpreted as: 0-0.2 poor agreement; 0.3-0.4 fair agreement;
0.5-0.6 moderate agreement; 0.7-0.8 strong agreement and ICC >0.8 almost perfect agreement.[29]
Intra- and inter-reader differences were assessed by Bland-Altman plots.

Chapter 2
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Figure 2.2: Example of the RCA in
curved planar reformation (CPR). Segments are separated by red markers.
Curvature and tortuosity are measured
for segment (left image) and whole vessel (right image). The measured segment from this image has a length of
20.1 mm, curvature of 0.130 mm−1 , and
tortuosity of 1.09. The whole vessel has
a length of 104 mm, curvature of 0.108
mm−1 , and tortuosity of 1.64.

(b) Tortuosity (T), defined as path length (P)
(a) Curvature (κ), defined as inverse radius
divided by straight distance (D).
of curvature (R).
Figure 2.3 Basic definitions of curvature and tortuosity. More detail is provided in Chapter 3.
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All patients (n=73)
Age (years)

64.8 ± 8.1

Gender (male)

56 (76.7%)

Body mass index (kg/m2)

26.2 ± 3.8

Systolic blood pressure (mmHg)
Diastolic blood pressure (mmHg)
Hypertension

140 ± 24
79 ± 9
60 (82.2%)

Cholesterol (mmol/L)

4.7 ± 1.2

Triglyceride (mmol/L)

1.50 [.94 ; 2.25]

HDL cholesterol (mmol/L)

1.2 ± .4

LDL cholesterol (mmol/L)

2.9 ± .9

Dyslipidemia
Glucose (mmol/L)
Diabetes mellitus
Smoking

Table 2.1: Clinical characteristics of the
study population. Continous variables are
expressed as mean ± standard deviation or
median [25th ; 75th percentile], dichotomous
variables are expressed as percentages. HDL:
high density lipoprotein; LDL: low density
lipoprotein.

68 (93.2%)
5.6 [5.1 ; 6.2]
7 (9.6%)
24 (32.9%)

To investigate an association between significant stenosis and curvature/tortuosity, a linear
mixed model was applied on curvature and tortuosity separately. The analysis was performed
on results at the level of segments and at the level of arteries (RCA, LM, LAD, and LCx). The
curvature and tortuosity measurements may be correlated since repeated measurements were
obtained from each patient. To accommodate the correlations, a compound symmetry correlation
was selected at the segment level and a heterogeneous compound symmetry correlation at artery
level. The results on curvature were logarithmically transformed, and a double logarithmic
transformation was used for tortuosity, to better resemble normal distribution. The effect of
significant stenosis was implemented in the model as a fixed effect and as an interaction with
segments or with arteries. Association and interaction analyses were corrected for age, sex and
hypertension. All statistical tests were two-sided with p<.05 as significance.

2.3

2.3.1

results

Characteristics

Seventy-three participants (76.3% males, mean age 64.8 ± 8.1 years) with scans reconstructed
in end-diastolic phase were included in this sub-study. Patient characteristics are shown in
Table 2.1. The prevalence of cardiovascular risk factors was high (Table 2.1). In total 730 segments
were assessed of which 81 (11.1%) were excluded due to small diameter (<1.5 mm) and 50 (6.8%)
because of the inability to perform proper centerline segmentation due to acquisition related
artifacts. Overall, the median curvature and tortuosity with [25th ; 75th percentile] were .094
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mm−1 [.071 ; .120] and 1.08 [1.04 ; 1.12] on segment level, and .096 mm−1 [.078 ; .118] and 1.18
[1.09 ; 1.42] on artery level (Table 2.2).

2.3.2

Reproducibility and Reader Agreement

The ICC results are provided in Table 2.3. The overall ICC showed high intra-reader agreement
(ICC>.8) for tortuosity and measurements. Inter-reader agreement is strong for curvature
(ICC=.73) and almost perfect for tortuosity (ICC=.92). Bland-Altman analysis showed mean interreader difference for curvature and tortuosity of respectively .004 (95% CI: -.05, .06) and .02 (95%
CI:

-.16, .21). Mean intra-reader difference for curvature and tortuosity were respectively -.001

(95% CI: -.04, .04) and .001 ( 95% CI: -.18, .17). Bland-Altman plots are given in Figure A.3-A.6.

2.3.3

Association between Significant Stenosis and Coronary Geometry

We observed a significant association between significant stenosis and curvature both at segment
level (p<.001) and artery level (p=.002) (Table 2.4). In addition there was an association between
significant stenosis and tortuosity when analyzed at the segment level (p=.016). Patients with a
significant stenosis had 16.7% more curvature at segment level than patients without stenosis.
The effect of tortuosity on stenosis is modified by the segment (interaction p=.041). Investigating
segments demonstrates that the LM (segment 5) and mid-LAD (segment 7) are more affected by
a significant stenosis in the presence of tortuosity, while other segments are not. The significant
interaction (p=.035) for tortuosity at artery level for normal stenosis indicates that the effect is not
the same across arteries. However, the overall effect of stenosis on the geometrical parameters is
not significant.

2.3.4 Association between Presence of Plaque and Coronary Geometry

An association between plaque and curvature at both segment (p<.001) and artery level (p<.001)
was demonstrated (Table 2.5). Association between plaque and tortuosity was only found at
Table 2.2: Nonparametric descriptive statistics of included segments and arteries in this study.
Vessel
RCA
LM
LAD
LCx

Overall Segment
Overall Artery

Number of inclusions
57
70
70
53
599
250

Curvature median
[25th , 75th percentiles]

Tortuosity median
[25th , 75th percentiles]

.093 [.071, .101]
.137 [.110, .182]
.086 [.074, .104]
.086 [.070, .103]
.094 [.071, .120]
.096 [.078, .118]

1.80 [1.61, 2.10]
1.07 [1.04, 1.12]
1.15 [1.12, 1.21]
1.21 [1.14, 1.28]
1.08 [1.04, 1.12]
1.18 [1.09, 1.42]
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Table 2.3: Intra- (IA) and inter-reader (IE) variability for curvature (κ) and tortuosity (T) measurements
determined by intraclass correlation coefficient (ICC).

IA
IE

Seg 1

Seg 2

Seg 3

RCA

LM

Seg 6

Seg 7

Seg 8

LAD

Seg 11

Seg 13

LCx

Overall

.848
.797
.736
.910

.841
.499
.851
.554

.807
.630
.762
.551

.921
.751
.919
.897

.739
.693
.389
.232

.832
.864
.663
.847

.837
.851
.580
.649

.907
.917
.914
.685

.928
.861
.879
.615

.866
.887
.419
.908

.829
.709
.540
.396

.846
.778
.535
.619

.869
.929
.731
.919

κ
T
κ
T

Table 2.4: Association of stenosis with curvature and tortuosity corrected for age, sex, and hypertension.
The 25th and 75th percentiles are shown between brackets. Significance is indicated with an asterisk.
Analysis on segment level
Outcome

Stenosis
Estimate
1.067
[.992, 1.147]
1.167
[1.088, 1.251]
1.092
[.932, 1.282]
1.279
[1.097, 1.491]

>50%
Curvature
>70%
>50%
Tortuosity
>70%

Analysis on artery level

Association
(p-value)

Interaction
(p-value)

.080

.943

<.001*

.421

.274

.395

.016*

.041*

Estimate
1.042
[.968, 1.121]
1.138
[1.049, 1.235]
1.113
[.985, 1.257]
1.105
[.964, 1.267]

Association
(p-value)

Interaction
(p-value)

.273

.183

.002*

.106

.086

.035*

.149

.056

Table 2.5: Association of plaque presence with curvature and tortuosity corrected for age, sex, and
hypertension. The 25th and 75th percentiles are shown between brackets. Significance is indicated with an
asterisk.
Analysis on segment level
Outcome
Estimate
Curvature
Tortuosity

1.176
[1.106, 1.251]
1.308
[1.142, 1.498]

Association
(p-value)

Interaction
(p-value)

<.001*

.066

<.001*

.013*

Analysis on artery level
Estimate
1.161
[1.078, 1.250]
1.096
[.969, 1.241]

Association
(p-value)

Interaction
(p-value)

<.001*

.136

.145

.237

segment level (p<.001). The group with a plaque has a 17.6% higher curvature at segment level
then the group without plaque. The p-value of .013 for the interaction of plaque and segments
for tortuosity indicates that the effect of plaque is not the same across segments. Investigating
the segments demonstrates that the proximal RCA (segment 1), LM (segment 5) and mid LAD
(segment 7) are significantly affected by plaque, while the other segments are not significantly
affected by plaque. The average effect of plaque on tortuosity on segments is an estimated 30.8%
increase.

2.4

discussion

In this study, we used non-invasive coronary CT angiography (cCTA) measurements to assess
the association of coronary artery geometry with significant stenosis and plaque presence. Our
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results suggest that there is an association between significant stenosis and curvature both at
segment and artery level. Furthermore, presence of plaque is associated with both curvature
(for segments and arteries) and tortuosity (only segments).
Traditionally coronary artery plaque development and distribution of atherosclerotic lesions
have been considered to be influenced by hemodynamics.[17] Several studies investigated the
relationship between WSS and the presence and location of atherosclerosis in the coronary
arteries, and demonstrated an inverse relationship of WSS with atherosclerosis.[6, 21, 23, 30–33]
This endorses the idea that CAD is more advanced where WSS is low. However, not all studies
support the theory that low WSS and vessel wall morphology are at least related, as reviewed
by Peiffer et al.[17] For example, Gijsen et al. could not find any relationships with WSS and the
wall thickness.[22] A small number of follow-up studies investigate the relationship between
WSS

and atherosclerosis. The most extensive follow up study observed plaque thickness change

through 6 to 10 month periods.[34] They found that change in plaque area was not related with
WSS.

However, they related low WSS with decreased lumen area and high WSS with increased

lumen area.
Although we investigated coronary geometry and its relation with CAD based on cCTA, the
reference standard for coronary artery assessment has traditionally been ICA. This conventional
technique provides two-dimensional images of the complex three-dimensional structure of
the coronary artery tree, and is an invasive procedure that may cause complications in up to
2% of patients.[35] ICA is restricted to symptomatic patients suspected of significant CAD, thus
rather late in the atherosclerotic process. Also, no information about the presence of plaques
in the vessel wall is obtained in ICA.[36] An additional complicating factor is that scarce ICA
studies in this field report different methods to evaluate coronary curvature and tortuosity,
ranging from visual analysis of the numbers of bends to measurement of a radius of curvature
on two-dimensional images. Studies on shear wall stress are frequently using intravascular
ultrasound (IVUS) to determine the three-dimensional geometry of the coronary artery lumen
and wall. However, this technique is also invasive and requires pull-back of a catheter with an
ultrasound probe to image the arteries. Acquired ultrasound slices of the artery are subsequently
projected into 3D space based on the ICA measurement and the position of the IVUS catheter
obtained from pull-back steps. Although visualization of a 3D vessel wall representation is
possible with high quality, calcifications hamper the visualization of the vessel wall, location of
the slices in three-dimensional space are computed and not exactly known, and this technique is
invasive.[6] Coronary CT angiography is a non-invasive imaging technique that is faster, cheaper,
and causes less complications than ICA or IVUS. Recent technical developments have made cCTA
an acceptable alternative for coronary artery assessment.[37] cCTA is also applicable in lower-risk
patients than those undergoing ICA, especially for exclusion of CAD. Thus, a wider range of
atherosclerotic disease, from mere presence of plaque to stenosis, can be assessed and correlated
with coronary artery geometry.
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In our study we calculated the curvature and tortuosity based on a vessel centerline extracted
from the cCTA data. There are various methods to calculate the tortuosity and curvature, all
based on a spatial representation of the vessel (i.e. vessel centerline or vessel medial line).
Tortuosity (Figure 2.3b) was defined as the ratio of path length (P) divided by the straight line
distance (D) in some studies as it is in our study.[38–40] Similar ratios are also used, like the
tortuosity index of 100 × ( P − D )/D by Malvè et al.[5] However, some studies define tortuosity
as the bend angle and/or the number of bends.[16, 24, 41–43] Wolf et al. defined tortuosity as
the inverse of the radius of curvature,[41] which is more frequently and also by us referred to
as curvature. The exact calculation of curvature is more complex since the radius of curvature
is a variable parameter for each point of a vessel, and elaborated more upon in section 3.2.3.
To maintain the common definition of curvature as departure from straightness, curvature can
be calculated using polynomial curve fitting applied to the extracted centerline, or an average
between individual points of the centerline with different scale setting. In the first case, local
curvature is computed by the formulations containing derivatives of the centerline curve at the
desired location.[6, 38, 44–48] Our method involves the second case with an average (Menger‘s)
curvature with a 5 mm scale between points.[27] Although different scale settings can yield
different results, this setting should be robust enough not to affect our results significantly or
limit the accuracy of our method.
Striking points in this study are that (1) analysis on segment level reveals a stronger relationship between vessel geometry and significant stenosis than on artery level, and (2) curvature is
stronger associated with significant stenosis than tortuosity. The same relationship and association is observed when gender, age, hypertension and smoking habit are taken into account.
These results imply that local geometry of segments instead of whole artery geometry is related
with plaque development. An explanation why curvature is more strongly related, might be
that curvature computation is more sensitive than the tortuosity measurements. Tortuosity is
simply the ratio of path to the length. It can not differ too much with small curves on the
vessel. On the other hand, the curvature calculations were very sensitive to any curvature on
the vessel and the final curvature on a path is the average of all the curvature measurements on
the segment or the artery.
A shortcoming of this study is that, although the patients were asymptomatic for coronary
artery disease, they did have symptomatic peripheral artery disease. This could provide a bias
in the measurements and not present a true, asymptomatic, control group for the non-calcified
segments.
In this study, we only used static information of the coronary artery anatomy without
hemodynamic information to assess the WSS. Although the hemodynamic reasoning behind
plaque development is used as a rationale for this study, we bypassed certain methodologies
and tried to find predictors of or potential risk factors associated with CAD. Also, there are no
follow-up scans available in order to assess plaque development, making it difficult to predict
whether curved/tortuous vessels have a tendency to develop significant stenosis or if it may be
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the other way around. Based on a study design as used here, only associations between (the
extent of) CAD and the geometry of the coronary arteries can be given.
The software used in this study enables evaluation of vessel geometry in relation with
presence of stenosis and atherosclerotic plaque more easily than invasive techniques. A followup study should contribute to the question whether increased curvature is a prediction of plaque
development or its result. Information of dynamic coronary geometry can also be quantified
with the current technique, and should provide additional insights in the relationship between
CAD

and geometrical changes during the cardiac cycle.
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CHAPTER

3
Geometrical Differences in the Cardiac Cycle

Manuscript title: Geometrical differences of the coronary arteries in the cardiac cycle
Authors: JK van Zandwijk1,2 , V Tuncay1 , CH Slump2 , M Oudkerk1 , R Vliegenthart1,3 , PMA van Ooijen1,3
– To be submitted to Annals of Biomedical Engineering –

3.1

introduction

CAD

is the most common type of heart disease and leading cause of death worldwide.[4] The

development of coronary artery plaque has been proposed to be related to hemodynamics
and geometry of the coronary arteries, but these relationships are complex and still subject of
debate.[6]
Previous hemodynamic studies using flow simulations in static vessel models have suggested
an association between low WSS and plaque development in coronary arteries. Thus, there may
be preferred sites for plaque development.[5, 6, 16, 20, 47] In studies on coronary hemodynamics
in simulations incorporating cardiac motion, the importance of considering physiologically
realistic flow and vessel motion has been stressed. This implies the need for in vivo, patient
studies.[14, 19, 46, 49, 50]
ICA

is still considered the golden standard for the diagnosis CAD, but is limited by its

invasiveness and lack of information about plaque characteristics.[36] Scarce data are available
from ICA studies about coronary geometry and the relation with CAD-related events. Zhu
et al. catalogued human coronary artery geometry,[45] and O’Loughlin et al. found that
segment length can be used to predict the location of future culprit lesions causing myocardial
infarctions.[51] cCTA is a non-invasive imaging technique that is faster and with less discomfort
to the patient, and is nowadays an accepted alternative in coronary artery assessment.[37] Threedimensional change in coronary artery geometry during the cardiac cycle can be investigated
using cCTA with retrospective ECG gating, however at the expense of increased radiation dose.
O’Loughlin et al. correlated the ratio of coronary artery length between end systole (ES) and
end diastole (ED) with location of lesions on dual-source CT.[52] In this study, only information
1
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about the length of coronary segments was obtained, rather than specific geometric information.
Dedicated software packages now enable the extraction of quantifiable three-dimensional
parameters of vessel geometry, which can be derived from multiple phases of the cardiac cycle
when retrospectively ECG-gated cCTA imaging is performed.
The current study focuses on the assessment of coronary artery geometry throughout the
cardiac cycle based on cCTA. Our hypothesis is that there are quantifiable parameters describing
coronary geometry that correspondingly account for varying geometry during cardiac motion. If
the method presented here is robust, this can facilitate future detailed investigation of coronary
hemodynamics and the relationship with the development of CAD in vivo.

3.2

3.2.1

methods

Patients

Participants involved in different scientific studies from April 2006 until April 2007 were
included in this retrospective study.[53–55] Approval from the Medical Ethical committee was
available for each study. Informed consent was obtained from all patients as part of these
studies. Patients were either planned for elective conventional ICA,[53] had a high probability of
CAD,[54]

or were assessed at the emergency department because of acute chest pain.[55] cCTA

was performed at a single center. Patients were excluded if they had previous heart surgery or
previous percutaneous coronary intervention (PCI), or if they had a coronary anomaly on cCTA.

3.2.2 Computed Tomography

cCTA

was performed on a first-generation dual-source CT scanner (SOMATOM Definition, Siemens,

Erlangen, Germany) using a standardized protocol. This protocol involved retrospective ECG
gating with an ECG pulsing window set at 20-70%. Patients were administered beta-blockers
(metoprolol, 5-20 mg) intravenously if the heart rate was above 65 beats per minute. Table
pitch was dependent on the heart rate, with a cranio-caudal scan direction starting above the
coronary ostia and ending below all cardiac structures at the diaphragm. All patients were
given sublingual nitroglycerin (0.4 mg) prior to the scan protocol. To be included in this study,
reconstructions should at least have been made at every 10% of the RR-interval, with a slice
thickness of 2.0 mm with 64 x 0.6 mm collimation. Contrast enhanced scans were made with a
non-ionic contrast agent (Iomeprol 400 mg I/ml, Iomeron R 400, Bracco, Italy) with contrast
volume and infusion rate individually calculated for each patient. Piers et al.[53] described the
scan protocol in more detail. In clinical setting, the cCTA examination was assessed for presence
and severity of CAD by an attending radiologist with at least two years experience in cardiac CT.
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3.2.3

Geometrical Parameters

Reconstructed cCTA data were loaded onto a dedicated workstation (Aquarius iNtuition, TeraRecon, Ver.4.4.11, San Mateo, USA). Post-processing included auto-removal of the ribcage and
extra-cardial structures. Automatic built-in threshold-based left ventricular ejection fraction
(LVEF) analysis function automatically determined the ES and ED phases of the cardiac cycle
based on respectively the minimum and maximum filling of the left ventricle. For the current
study, when the reconstruction quality of the coronary arteries in the automatically determined
ES

or ED phase was too low, another phase with diagnostic depiction of the coronary arteries was

selected up to two phases shifted from the minimum or maximum filling. This was assessed
for each coronary artery individually. If optimal quality could not be obtained based on these
restrictions, the coronary artery was excluded from further analysis.
The resulting ES and ED phases were used
for detailed inspection of the coronary arteries
and its individual segments, according to the
15-segment modified AHA-classification.[1]
Only the largest segments that exhibit the
least variation in presence and dominance
were assessed. For the RCA these are the proximal, mid-, and distal segment. For the left
coronary artery these are the LM artery, proximal, mid-, and distal segments of the LAD
artery, and the proximal and distal segments
of the LCx artery. On artery level, the RCA,
LAD,

and LCx were assessed separately. Due

Figure 3.1 Example of a volume rendered 3D image

to the wide variety in coronary artery branch- with centerline extractions of the RCA (selected) and
ing configurations between individuals, we LAD at 70% of the RR-interval (ED).
terminated segments at other side branches

of one individual in both phases maintain comparable segments with adequate length. In cases
where no side branches where present to terminate the segment, we maintained equal pre-set
lengths in both ES and ED phase to make sure comparable parts of the vessel were considered
(mainly the proximal RCA, distal LAD, and distal LCx). Segments were terminated or excluded if
they were smaller than 1.5 mm in average diameter, had a bad reconstruction quality due to the
presence of artefacts or incorrect centerline extraction, or were not visible at all. Arteries were
excluded if one or more segments could not be assessed.
The coronary arteries were selected on the 3D volume rendered reconstruction (Figure 3.1)
or transverse slices in the relevant phase in order to initiate automatic centerline extraction of
an artery. The CPR view was reconstructed based on this centerline, after which it was manually
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adapted to ensure the most appropriate implementation of this centerline. Markers were applied
at each beginning and endpoint of a segment, based on branching of the artery from the aorta,
and side branches. If no side branches existed at the final segment of an artery, a diameter of
less than 1.5 mm was used as endpoint in both phases. Measurements were performed for each
segment and each entire artery, apart from the LM artery.
Basic definitions of this geometrical parameters have been given in Chapter 2, where more
detail of these parameters is provided in this section. The centerline can be described as
a parametrically defined space curve in three dimensions in Cartesian coordinates given by
γ(t) = ( x (t), y(t), z(t)), with t ranging from 1 to n points of the centerline. The following
geometric parameters were assessed: path length (P in mm), mean curvature (κ in mm−1 , see
Equation 3.1), tortuosity (T, see Equation 3.2), and number of inflection points of the centerline
with the straight connection between begin- and endpoint on CPR view (see Figure 3.2 for an
example).
n

κ=

4A

∑ |γ(ti − s) − γ(ti )||γ(ti ) − γ(ti + s)||γ(ti + s) − γ(ti − s)|

(3.1)

i =1

p
∑in=−11 ( x (ti ) − x (ti+1 ))2 + (y(ti ) − y(ti+1 ))2 + (z(ti ) − z(ti+1 ))2
p
T=
( x (t1 ) − x (tn ))2 + (y(t1 ) − y(tn ))2 + (z(t1 ) − z(tn ))2

(3.2)

Equation 3.1 denotes Menger‘s curvature [27] with a 5 mm scale applied as s and with A the
area of the triangle spanned by the three corresponding points γ(ti − s), γ(ti ) and γ(ti + s). The
numerator in Equation 3.2 denotes the length of the centerline (P), whereas the denominator
denotes the great circle chord length (i.e. straight distance, D) between the beginning and
endpoint of a segment or artery. The number of inflection points is determined by the maximum
number of intersections (inflection points) that the straight connection between beginning and
endpoint has with the centerline when rotating the CPR view (Figure 3.2).

3.2.4 Statistical Analysis

Normality of the data was assessed with the Shapiro-Wilk analysis. With current arteries and
segments sample size, data are considered to have a normal distribution when the test statistic
is greater than 0.9. Curvature, tortuosity and number of inflection points were assessed in ES
and ED, and differences were calculated as the value in ES minus the value in ED. Normally
distributed data of the differences between ES and ED were tested with the paired sample T-test,
whereas skewed data were tested with the non-parametric Wilcoxon signed-rank test.
All statistical analyses were performed in IBM SPSS Statistics version 22.0.0.1 (SPSS Inc, Chicago,
USA).

Significance for difference was expressed with p-values, where a two-tailed p-value of

<.05 was considered significant.
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Figure 3.2 Geometry measurements of the LAD (A) at 30% in ES and (B) at 70% in ED. According to these
measurements, the LAD has 1% less path length, 26% higher curvature, and 3% higher tortuosity in ES.
The white arrows indicate one inflection point in both phases.

3.3

results

Seventy-one patients in whom at least one artery could be assessed were included in this study.
Mean age was 62.2 ± 9.9 years and 87.3% were males. In total 213 arteries and 639 segments
were assessed of which 137 arteries (64.3%) and 456 segments (71.4%) could be included. The
group of arteries consisted of 53 RCA (38.7%), 45 LAD (32.8%), and 39 LCx arteries (28.5%). In ES,
the segments were most frequently best assessable at 40% of the RR interval (n=227, 49.8%, range
5-60%). In 11.6% of the segments a deviation was needed from the original, software-indicated
ES

phase due to low reconstruction quality or motion artefacts. In ED, the segments were most

frequently best assessable at 90% of the RR interval (n=172, 37.7%, range 70-110%). In 66.9% of
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Table 3.1: Outcomes of the measured parameters in ES and ED phases on artery and segment level,
depicted as mean ± standard deviation. P, path length (mm); κ, curvature (mm−1 ); T, tortuosity.
Significant difference is indicated with an asterisk.
Arteries (n=137)
Parameter
P
κ
T

Phase

Outcome

ES
ED
ES
ED
ES
ED

95.8±26.8
95.9±26.9
0.079±0.022
0.071±0.018
1.46±0.37
1.42±0.37

Segments (n=456)

p-value

Outcome

p-value

32.4±17.9
32.5±17.7
0.085±0.033
0.078±0.031
1.12±0.11
1.10±0.10

0.699
<0.0001*
<0.0001*

0.617
<0.0001*
<0.0001*

Table 3.2: Outcomes of the measured parameters in ES and ED phases for each individual artery, depicted
as mean ±standard deviation. P, path length (mm); κ, curvature (mm−1 ); T, tortuosity. Significant
difference is indicated with an asterisk.
RCA

Parameter
P
κ
T

(n=53)

Phase

Outcome

p-value

ES
ED
ES
ED
ES
ED

112.3±18.9
112.0±19.0
0.077±0.018
0.073±0.016
1.86±0.28
1.81±0.30

0.490
0.021*
0.0002*

LAD

(n=45)

Outcome
99.1±22.5
99.6±22.3
0.088±0.025
0.073±0.021
1.22±0.07
1.17±0.06

p-value
0.238
<0.0001*
<0.0001*

LCx

(n=39)

Outcome
69.7±20.3
69.8±20.9
0.071±0.019
0.067±0.018
1.19±0.13
1.17±0.12

p-value
0.704
0.032*
0.001*

the cases there was a deviation from the original ED phase. Although the assessed cases at 110%
(i.e. 10%) of the RR-interval (n=41, 9.0%) are strictly part of the subsequent cardiac cycle, they
were found to have a sufficient filling of the left ventricle to be assessed in this phase.
Table 3.1 and Table 3.2 show overall values for path length, curvature, and tortuosity in
ES

and ED on (individual) artery and segment level. Figure 3.2 depicts a patient example of

geometrical parameters in ES and ED.

3.3.1

Path Length

Path length differences between ES and ED were normally distributed for arteries and segments.
Path length for ES and ED were similar on artery level (p=0.64), including the three individual
arteries, and on segment level (p=0.62).

3.3.2

Curvature

Curvature in ES and ED and differences in curvature were normally distributed. Compared to
the ED phase, mean curvature was 10.5% higher in the ES on artery level (p<0.0001), and 8.9%
on segment level (p<0.0001) (Table 3.1). The most pronounced difference between ES and ED was
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found for the LAD (20.8%), while differences were lower for the RCA (4.8%) and the LCx (6.0%)
(Table 3.2).

3.3.3

Tortuosity

Tortuosity differences were normally distributed. The mean tortuosity was 2.8% higher in ES
than in ED on artery level (p<0.0001), and 1.6% on segment level (p<0.0001) (Table 3.1). For
individual arteries, mean tortuosity was 1.5-4.2% higher in the ES than in ED (Table 3.2).

3.3.4

Inflection Points

The difference in number of inflection points was not normally distributed on artery and on
segment level (Shapiro-Wilk statistic value 0.755 and 0.564, respectively both p<0.001). The
number of inflection points per artery ranged from 1 to 5 (median, 2) for both ES and ED
(Figure 3.3). On segment basis, 0 to 6 inflection points were found in ES, and 0 to 5 in ED
(median, 0) (Figure 3.4). The median number of inflection points was higher in ES than in ED on
artery and on segment level (both p<0.001). Increase in number of inflection points in ES phase
was found for the RCA (p<0.05) and the LAD (p<0.001), but not for the LCx (p=0.405).
On segment level, the difference in inflection points was not normally distributed with a
Shapiro-Wilk statistic value of 0.564 (p<0.001). The range of number of inflection points was
from 0 to 6 in ES, and 0 to 5 in ED, with in both phases a median value of 0. Figure 3.5 depicts for
each segment the paired number of inflection points in both phases. Non-parametric Wilcoxon
signed-rank test showed that in ES there were significantly more inflection points than in ED
(p<0.0001).

Figure 3.3: Map of the number of
inflection points in ES and ED for
all arteries together. The numbers
in the boxes depict the amount
of times that specific combination
was observed. Darkness in the
boxes is linked with natural logarithmic transformed numbers in
the relevant box.

Chapter 3
– geometrical differences in the cardiac cycle –

26 71

Figure 3.4: Map of the number of
inflection points in ES and ED for
all segments. The numbers in de
boxes depict the amount of times
that specific combination was observed. Darkness in the boxes is
linked with log transformed numbers in the relevant box.

Figure 3.5 Map of the number of inflection points in ES and ED for (A) the RCA, (B) the LAD, and (C)
the LCx. The numbers in the boxes depict the amount of times that specific combination was observed.
Darkness in the boxes is linked with logarithmic transformed numbers in the relevant box.

3.4

discussion

This study shows that the geometry of the coronary arteries is quantifiable using four-dimensional
dual-source CT datasets and confirms our hypothesis that the coronary arteries have an alternating geometry during the cardiac cycle. By measuring parameters describing the geometry,
the possibility arises to correlate these findings with the presence and preferred sites of plaque
development in the coronary arteries.
The novelty of this research resides in its uniqueness to quantify characteristics of the
coronary arteries describing their movement during the cardiac cycle in a non-invasive way and
in three dimensions, and derive new quantitative imaging biomarkers based on regular coronary
CT

scans. To our knowledge this is the first patient study quantifying coronary geometry

through the cardiac cycle based on straightforward post-processing of non-invasive imaging
data. Previous studies that focused on the relation between vessel geometry, corresponding
hemodynamics,[14, 46, 50, 53] and the relation with plaque development [5, 6, 15] were often
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based on computational fluid dynamics, and were thus accompanied by modeling assumptions
requiring a considerable amount of time and computational capacity.[5, 56] These studies found
that hemodynamic and geometrical parameters can be linked with (early) plaque development,
but conclusions were drawn based on modeling or static approaches of the coronary arteries.
A striking advantage of this study is the use of dedicated, commercially available software on
cCTA

datasets, which makes this method immediately clinically applicable. The association of

dynamic vessel geometry with plaque development can thus be investigated, and more evidence
can be obtained about the process of atherosclerosis that may lead to identification of potential
high-risk sites or patients.
Based on ECG-gated CT datasets, 40% and 90% of the RR interval were the most frequently
identified phases for evaluation of the coronary arteries in end-systole and end-diastole, respectively. Although this may seem late in the cardiac cycle, these percentages correspond
with the results of Juergens et al.,[57] who found ES and ED phases ranging from respectively
20-35% and 75-90% of the RR interval. Furthermore, some selections of ED phase turned out to
be at 110% of the RR interval. This may possibly imply incorrect registration of the ECG with
the reconstructions. Since we maintained consistently the phase with minimal and maximal
filling of the left ventricle with less possible variation in phase, our results are robust enough to
represent the actual ES and ED phases, as we expect regression to the mean and lessening of the
associations if the selected phases were actually not ES and ED.
Geometry changed in terms of curvature and tortuosity on both artery and segment level, but
there were no significant differences for all arteries. However, it could be interesting to observe
these geometric parameters for each individual segment. We combined the measurement of all
these segments to increase our sample size, since some segments were frequently hard to assess.
Besides, the left main artery (segment 5) and proximal LAD (segment 6) are often shorter than 20
mm, making them more sensitive for curvature and tortuosity measurements, increasing the risk
of upward peaks in case of incorrect parts of the centerlines. With sufficiently large sample sizes
it could be interesting to investigate whether segments more closely adjacent to the myocardium
experience larger geometric differences than segments closer to the coronary ostia. For example,
Zhu et al. measured geometry of the proximal, mid, and distal segments separately of the RCA
and LAD in one phase and found for instance a two-fold difference in maximum curvature in
LAD

segments between individuals.[45] They state that a particular geometrical feature must

exhibit large variability between vascular regions or indivuals, if it should be considered as
an atherosclerotic risk factor. They also suggested to add a dynamic dimension in addition to
their work, which can create even more variability. In their study, biplane cineangiography
was used for the quantifications, which is invasive in contrast to CT and so only applicable in
selected patients at high suspicion of CAD. Furthermore, this involves two projection directions,
requiring additional reconstruction algorithms to obtain three-dimensional information.[47]
A particular strength of this study resides in the fact that coronary arteries were geometrically
quantified in four dimensions based on cCTA data involving multiple phases of the cardiac
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cycle. The only patient study somewhat comparable to ours was conducted by O’Loughlin et
al.,[52] but they only investigated the length of segments, and only included a few segments of
the coronary tree. They found that the ratio of length in end-systole divided by the length in
end-diastole was correlated with the location of CAD, but only for the first two segments of the
LAD

and LCx. Our method involves more detailed and three-dimensional geometric information

in terms of curvature, tortuosity, and inflection of both segments and (multiple) arteries. Based
on the anatomical properties significant differences in vessel and segment lengths between ES
and ED are not expected. Our vessel length measurements support this assumption. Therefore,
the method used to perform the segmentation of arteries and segments can be classified as a
valid and robust method. As a results, geometric information of segments and arteries can be
used to investigate possible associations with stenosis sites.
Like more arterial geometry studies, we performed measurements based on a semi-automatically
extracted centerline from the CT datasets. The centerline creation did not always yield an accurate result. Especially extraction of severely diseased coronary arteries was frequently incorrect,
thus requiring manual adaptation of the centerline to achieve a better match with the vessel
trajectory. This could have affected our geometric measurements. Corresponding segments from
the same patient were equivalently adapted in both phases to minimize intra- and inter-observer
variability, but this is still a possible shortcoming of the study since variability was introduced.
Because of our method selecting segments where we take in consideration different anatomical
configuration between individuals, length measurements are less likely to differ between phases,
in contrast to the previous mentioned study of O’Loughlin et al.[52] They included only the
segments with highest chances of a visualized bifurcation (i.e. first two segments of the LAD
and LCx), to acquire more reliable results when it comes to coronary segment length. Since
plaques may develop throughout the coronary artery system, we decided to investigate as many
segments larger than 1.5 mm as possible. Although not significant for all arteries or segments,
path length was smaller in ES, suggesting slight compaction of the endothelial cells in the vessel
wall.[58] This also corresponds with previous studies that related compression of coronary
segments with significant stenosis.[52, 59]
Our method of describing the coronary geometry was mainly based on the curvature and
tortuosity parameters derived from a spatial representation of the vessel (i.e. vessel centerline
or vessel medial line). Tortuosity in coronary arteries has previously been assessed based on
the number of bends in the vessel.[16, 24, 43, 60] The measurements of Li et al. for example are
therefore substantially differing from ours, resulting in a more tortuous LAD than RCA based on
their tortuosity definition.[24] We implemented tortuosity as ratio of path length (P) divided by
the straight distance (D), which has also been applied in larger blood vessels.[38–40] However,
this ratio was initially implemented to study tortuous iliac arteries, which are compared to
coronary arteries mainly oriented in the anatomic coronal plane. Due to the curved course of
the coronary arteries, the straight distance directly traverses the heart, making this parameter
less relevant. Ideally, we should have used the great circle distance with respect to the surface
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of the heart over the great circle chord length to depict a normal course of an artery and to
quantify its deviation from this path. Furthermore, curvature calculation was implemented
as departure from straightness, using the extracted centerline as a polynomial fitted curve in
multiple studies.[38, 44–46, 48, 61] Our method averages the Menger‘s curvature with 5 mm
scale between points, which is an adequate and robust option in order to not significantly affect
our results or limit the accuracy of our method.
We addressed the question whether coronary geometry would be quantifiable in both ES
and ED. The ES phase showed higher values for both curvature and tortuosity compared to the
ED

phase, meaning that arteries and segments are more curved and tortuous in end-systole.

Maximal expansion of the heart muscle in ED and thus straightening the coronary arteries is
thought to be the main contributor of this observation. No significant differences were found in
path length on segment and artery level, indicating that the straight distance between begin and
endpoint is the changing factor in tortuosity. It is expected that when individual segments are
considered, not all of them will still show these significant deviations between the two phases,
depending on the proximity to the myocardium. Varying straight distance can be a quantitative
of vessel compression and more sites of (temporary) wall shear stress. This can be an important
mechanical stress inducing plaque development.
The inflection points that were measured are a more subjective quantification, indicating
that certain segments and arteries (especially the LAD) are more compressed in ES than in ED.
An equivalent parameter has only twice been introduced for femoral [62] and intracerebral
vasculature,[63] but has never been applied for coronary arteries or linked with plaque development. However, compression of coronary arteries may be an indicator for more sites of low wall
shear stress.[16] Therefore, this novel introduced parameter may help us in predicting future
sites of CAD or potential obstructive vessels.
The choice of segments we made is arguable, since only the segments larger than 1.5 mm in
diameter were measured. Side branches such as the posterior descending artery or first diagonal
branch of the LAD can also have major clinical impact when they become stenosed since they
can provide a large area of myocardium with oxygen. A geometric profile could also have been
made of these and other branches, but these have been deliberately omitted from this study
because of their large anatomic variation, requiring larger study samples. In future studies the
differences in coronary geometry during the RR interval should be linked to the development
and presence of CAD. The final aim would be to eventually draw a CAD risk profile for patients
also including their coronary geometry. The clinical benefits our method provides are still to be
demonstrated, in order to defend the use of additional radiation for evaluation of end-systole
and end-diastole in cCTA.
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CHAPTER

4

Coronary Plaques and the Relation with Dynamic Geometry

4.1

introduction

The relevance of the CAD which forms the motive of this study has been referred to before
in this thesis. What not has been addressed yet, is that almost all parts of the coronary
arteries are a whole life-time in motion, which affects blood flow correspondingly. Therefore,
movement of these arteries can result in stresses inducing coronary atherosclerosis.[59] There
are multiple reasons for the uncertainties about involvement of (dynamic) coronary geometry
in the development of CAD.[6] An examples is the lack of an adequate imaging modality and
quantitative method that can map both characteristics of the vessel wall and stenosis degree,
and provide information about three-dimensional geometric characteristics.
This study focuses more specifically on sites of plaque development in the coronary arteries.
A method is established to quantify CAD and describe its relation with dynamic geometry.
Our hypothesis is that the type, location, and severity of plaque development are related with
dynamic geometry changes quantified on DSCT datasets. To investigate this relationship and
uncover potential associations, CAD is quantified in an innovative way from a hemodynamic
point of view. With this study also the association between static geometry and CAD is examined
for robustness along with previous findings from Chapter 2, and whether dynamic geometry
characteristics add relevant information to this association. The ultimate goal is to improve risk
stratification of future CAD patients based on coronary geometry, which can affect the follow-up
protocol for this group of patients.

4.2

4.2.1

methods

Patients and Computed Tomography

The same group of patients was used as described in Chapter 3, which were derived from several
studies in the University Medical Center of Groningen [53–55]. That chapter also describes the
used imaging protocol with relevant parameters, and assessment of dynamic coronary geometry
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in the cardiac cycle. Parameters describing change in coronary geometry were used here to
investigate associations with presence of (the most obstructive) plaque in the coronary arteries.

4.2.2 Assessment of Coronary Plaques
The radiologic report was used for classification of plaque buildup in the coronary arteries. The
phase with highest reconstruction quality was selected and used to assess plaque development.
Additional reconstructions in this phase were made using a B26f kernel, 0.6 mm slice thickness
and 0.4 mm increment. For each segment the most obstructive plaque (i.e. highest degree of
stenosis) was considered and assessed. The degree of stenosis was determined by the percentage
of surface area filled with plaque. Plaque without lumen narrowing were categorized as 0%
stenosis. Segments with lumen narrowing were categorized as <50% stenosis, 50-70% stenosis,
or >70% stenosis (Figure 4.1). The assessed plaque was categorized as calcified, soft, or the
mixed type. When multiple plaques were present in one segment, only the plaque with the
highest degree of stenosis was assessed. When plaques with equal degree of stenosis were
present in a segment, the longest plaque was assessed. Arteries were classified for degree of
stenosis according to the most obstructive plaque.
The most obstructive plaque in a segment was assessed on CPR view (Figure 4.2). Crosssections through the centerline were used to determine the location of the myocardium with
respect to the vessel (Figure 4.3). The cross-section of the vessel was divided into four segments,
starting with the segment 1M most closely located to the myocardium and increasing numbers
clockwise. Cross-sectional view was oriented from distal to proximal, corresponding with the
‘classic anatomic view’ from caudal to cranial. We defined that plaque was only located in
a segment when it filled more than 50% of this segment, based on the cross-sectional view.
Accordingly, when a segment was clearly curved at the location of the most obstructive plaque,
the inner curve segment (1IC − 4IC ) was defined. It was also reported when no myocardium
or inner curve segments could be designated. Distribution of plaque into four segments with

Figure 4.1: Schematic transverse views of plaque stenosis classification used in this
study. Percentages placed in
the pink area represent the
remaining lumen and in the
yellow area the amount of
stenosis as percentage of the
total lumen proximal from
the plaque.
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Figure 4.2 Example of plaque analysis measurement in the mid-LAD with <50% stenosis. Soft plaque is
visible between the red and blue markers with a total length of 7.5 mm, and has a connection with the
proximal segment.

respect to the inner curve was reported similarly as for the myocardium. 3D volume rendered
images were used to assist in site orientation to categorize the plaque (Figure 4.3). Segment 1M
and 1IC can be rotated in relation to each other.
Each plaque that extended beyond the boundaries of a segment was assigned to the segment
containing the most obstructive part, or when this could not be determined, the longest part of
plaque. Length of the plaque was measured and used to calculate the percentage of a segment
filled with plaque. Plaque percentage was corrected for plaques covering multiple segments.
This was done by including the length of every segment the plaque spanned in the total segment

(a) Part of an LAD that is bent along the my- (b) Cross-sectional view at level of the purple line.
ocardium. Cross-section is made at the purple line. The myocardium is shown beneath the vessel. ComThis information is used in inner curve segmenta- bined with 3D information from (a), segment 1M
and 1IC are aligned.
tion.
Figure 4.3 Myocardium and inner curve segmentation. Rotation of both segmentations are equal (i.e.
1M ∼ 1IC ) in this image since this vessel is bent along the myocardium in a normal way.
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Table 4.1: Overview
of characteristics assessed during plaque
analysis.

Plaque parameter

Parameter measured / option

Degree of stenosis

0%, <50%, 50-70%, >70%, 100% (Figure 4.1)

Type of plaque

Calcified / soft / mixed

Plaque length (mm, %)

Millimeters are variable; percentage between 0-100%

Passage with segments

No connection / with proximal / with distal

Myocardium segment
Inner curve segment

Myocardium site is defined as 1;
Yes (1) or no (0) for all four segments
Inner curve is defined as 1;
Yes (1) or no (0) for all four segments

length. Plaque length remained the same in these cases. An overview of the assessed parameters
for each most obstructive plaque in a segment is given in Table 4.1.

4.2.3 Statistical Analysis

Geometrical parameters were mutually tested with Pearson’s product-moment correlation
coefficient. Correlation was considered significant when p<0.01 (two-tailed). Linear mixed
model’s were applied to investigate associations between geometrical parameters and the degree
of stenosis. These models account for multiple arteries or segments in an individual as repeated
measures. Compound symmetry (heterogeneous or normal) covariance type was chosen by
parsimony and based on Akaike’s Information Criteria (AIC). In addition to geometric difference
parameters (as described in Chapter 3), the average of ES and ED phases were also tested.
Geometrical parameters were chosen as dependent variable in the model, to investigate possible
interactions with arteries or segments. Degree of stenosis categories were dichotomized into no
plaques and plaques with no lumen narrowing (LN negative group) versus plaques with lumen
narrowing (LN positive), plaques with <50% stenosis versus plaques with >50% stenosis, and
plaques with <70% stenosis versus plaques with >70% stenosis.
Associations of geometrical parameters with plaque type and length were investigated
using linear mixed models. Plaque length is depicted as total length (in mm) or as percentage
determined by the segment or segments length it spanned (in %). Estimated marginal means
were used between groups in the linear mixed model depicting lumen narrowing, stenosis or
plaque type. Unless stated otherwise, statistical p-values of <0.05 (two-tailed) were considered
significant.
Related sample Cochran’s Q tests were used to analyze distribution of plaque in the myocardium and inner curve segments. Bonferronized p-values were used for pairwise comparisons
between groups. Since both myocardium and inner curve have four (k) segments (categories),
the number of pairwise comparisons is six (k ∗ (k − 1)/2). We applied a Bonferronnization of
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Arteries

Segments

No plaque

23 (16.8%)

186 (40.8%)

0% stenosis

5 (3.6%)

51 (11.2%)

<50% stenosis

42 (30.7%)

101 (22.1%)

50-70% stenosis

18 (13.1%)

43 (9.4%)

>70% stenosis

49 (35.8%)

75 (16.4%)

Total

137 (100%)

456 (100%)

Table 4.2: Overview of plaque frequencies and
percentages in artery and segment groups.

Table 4.3: Descriptive statistics of plaque characteristics in the segments group. The 186 (40.8%) segments
that were free of plaque were not included in this table.

Type of plaque
Calcified
Soft
Mixed
Passage with segments
No connection
With proximal
With distal
Plaque length (mm)
Mean (± sd)
Median [range]
Total

0% stenosis

<50% stenosis

50-70% stenosis

>70% stenosis

47 (92.1%)
0 (0%)
4 (7.8%)

34 (33.7%)
34 (33.7%)
33 (32.7%)

19 (44.2%)
8 (18.6%)
16 (37.2%)

24 (32.0%)
8 (10.7%)
43 (57.3%)

124 (45.9%)
50 (18.5%)
96 (35.6%)

43 (84.3%)
5 (9.8%)
3 (5.9%)

59 (58.4%)
13 (12.9%)
29 (28.7%)

23 (53.5%)
8 (18.6%)
12 (27.9%)

42 (56.0%)
12 (16.0%)
21 (28.0%)

167 (61.9%)
38 (14.1%)
65 (24.1%)

3.4 (±1.5)
3.1 [0.8 ; 6.9]

9.3(±5.1)
8.6 [2.2 ; 28.4]

8.3 (±3.5)
7.6 [2.4 ; 15.0]

14.9 (±6.4)
14.7 [2.2 ; 30.7]

51 (18.9%)

101 (37.4%)

43 (15.9%)

75 (27.8%)

Total

9.6 (±6.2)
8.3 [0.8 ; 30.7]
270 (100%)

the previous p-value (0.05), resulting in a new p-value of 0.05 / 6 = 0.008. Myocardium and
inner curve segments were analyzed on associations with geometrical parameters.
Interesting results were further analyzed by omitting plaques that had passage with other
segments. The same was done by omitting the proximal RCA (segment 1) and LM (segment
5) from the analyses, to investigate the effects of only the segments closely located to the
myocardium.

4.3

results

As mentioned before in Chapter 3, 137 (64.3%) from 213 arteries could be fully included and
456 (71.4%) from 639 segments. Table 4.2 depicts from these included arteries and segments
the frequency of plaques for every category. There were 114 (83.2%) arteries and 270 (59.2%)
segments with at least one plaque. Plaque type differentiation was performed only on segment
level, which resulted in 124 (45.9%) segments with calcified plaques, 50 (18.5%) soft plaques,
96 (35.6%) mixed plaques, and 186 segments without plaque (40.8%). From the plaques, 167
(61.9%) were only found in one segment, where 38 (14.1%) plaques were connected with the
proximal and 65 (24.1%) with the distal segment. Plaque characteristics on segment level for
each degree of stenosis group are given in Table 4.3.
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Table 4.4: Linear mixed model associations on artery level. Dependent variables (averages of and
differences between ES and ED values) are depicted in the rows, factors in columns. LN- means group with
no lumen narrowing, LN+ the group segments with lumen narrowing. EMM are estimated marginal means,
with in parenthesis the standard errors. Significance is denoted with an asterisk.
Arteries
Curvature

Degree of stenosis (dichotomized)
<50%
>50%
<70%

LN-

LN+

>70%

(mm−1 )

EMM

p-value
Tortuosity
EMM

.071 (.004) .076 (.002)
.218

.072 (.002) .079 (.002)
.038*

.073 (.002) .079 (.003)
.065

1.44 (.05)

1.42 (.03)

1.42 (.03)

p-value
Infl. points
EMM

1.91 (.20)

p-value
∆ Curvature (mm−1 )
EMM

p-value
∆ Tortuosity
EMM

p-value
∆ Infl. points
EMM

1.40 (.02)
.505

1.40 (.03)
.739

2.12 (.10)

1.95 (.12)

1.39 (.04)
.518

2.22 (.13)

2.03 (.11)

2.17 (.15)

.328

.131

.433

.006 (.003) .008 (.001)
.428

.006 (.002) .009 (.002)
.142

.006 (.001) .009 (.002)
.241

.057 (.012) .036 (.006)
.098

.035 (.007) .046 (.008)
.299

.039 (.007) .042 (.009)
.785

.11 (.13)

p-value

.27 (.07)
.281

Table 4.5:
Linear mixed
model associations on segment level.
Dependent
variables (averages of and
differences between ES and
ED values) are depicted in the
rows, factors in columns. LNmeans group with no lumen
narrowing, LN+ the group segments with lumen narrowing.
EMM are estimated marginal
means, with in parenthesis
the standard errors.

.16 (.08)

.31 (.08)
.185

Segments

.24 (.07)

.23 (.10)
.913

Degree of stenosis (dichotomized)
LN-

LN+

<50%

>50%

.079 (.002)

.084 (.002)

.082 (.002)

.080 (.003)

Curvature (mm−1 )
EMM

p-value

.071

.603

Tortuosity
EMM

1.11 (.007)

p-value

1.11 (.008)

1.11 (.006)

.694

1.11 (.010)

.736

Infl. points
.54 (.05)

EMM

p-value
∆ Curvature

.60 (.05)

.55 (.04)

.395

.63 (.07)
.352

(mm−1 )

EMM

.006 (.001)

p-value

.008 (.001)

.007 (.001)

.279

.008 (.002)

.607

∆ Tortuosity
EMM

.019 (.003)

p-value

.016 (.003)

.018 (.002)

.440

.017 (.004)

.798

∆ Infl. points
EMM

p-value

.14 (.03)

.10 (.03)
.339

.13 (.03)

.10 (.04)
.624
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Table 4.6: Linear mixed model associations of plaque type and length at segment level. Dependent
variables (averages of and differences between ES and ED values) are depicted in the rows, factors in
columns. LN- means group with no lumen narrowing, LN+ the group segments with lumen narrowing.
EMM are estimated marginal means, with in parenthesis the standard errors. Significance is denoted with
an asterisk.
Segments

Calcified

Plaque type
Soft

Mixed

Plaque length
In mm
In %

Curvature (mm−1 )
EMM

.080 (.003)

p-value
Tortuosity
EMM

1.11 (.009)

p-value
Infl. points
EMM

.67 (.07)

p-value
∆ Curvature (mm−1 )
EMM

.007 (.002)

p-value
∆ Tortuosity
EMM

.018 (.004)

p-value
∆ Infl. points
EMM

.17 (.05)

p-value

4.3.1

.084 (.005)
.602

.083 (.003)

1.09 (.014)
.473

1.11 (.010)

.50 (.10)
.371

.64 (.08)

.005 (.003)
.427

.010 (.002)

.015 (.006)
.796

.020 (.004)

.11 (.07)
.317

.06 (.05)

.023*

.010*

.553

<.001*

<.001*

<.001*

.086

.814

.036*

.001*

.449

.745

Geometry Correlations

On artery level, the number of inflection points showed a significant positive correlation
with vessel length, curvature, and tortuosity (p<.001). Tortuosity showed also a significant
positive correlation with vessel length (p<.001). These correlations were found in ES and ED
phase. Mutual correlations between these parameters were stronger on segment level, where
segment length, curvature, tortuosity, and the number of inflection points showed all significant
correlations (p<.01) in ES and ED phase. Only segment length showed negative correlation with
curvature (p<.001). Regarding differences of the geometrical parameters, only tortuosity was
significantly correlated with artery length. On segment level the difference in tortuosity was
significantly correlated with differences in curvature, segment length, and number of inflections
points (p<.001), and the number of inflection points was correlated with curvature (p=.001).

4.3.2

Linear Mixed Model Associations

Results of the linear mixed models can be found in Table 4.4 (arteries) and Table 4.5 (segments).
On artery level, only mean curvature was significantly associated with degree of stenosis when
split at 50% (p=.038). Although not significant, increasing values were observed in estimated
marginal means with more lumen narrowing for curvature and the number of inflection
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points, and a negative trend for tortuosity. There were no significant predictors for geometrical
parameters and no clear visual trends on segment level (Table 4.5).
Association results for plaque type and length are given in Table 4.6. None of the geometrical
parameters were significantly associated with type of plaque. Multiple significant associations
were found between plaque length and curvature (average), tortuosity (average and difference),
and the number of inflection points (average).
Both plaque length and plaque percentage could be significantly predicted with the models
by all dichotomized degree of stenosis categories (p<.0001). They were also able to significantly
distinguish between all the original degree of stenosis categories (p<.0001). Observing estimated
marginal means (with standard errors) for the corrected plaque percentage we found 11.1%
(2.4%) for 0% stenosis, 28.2% (1.6%) for <50% stenosis, 24.9% (2.6%) for 50-70% stenosis, and
37.6% (1.8%) for the >70% stenosis group.
All the associations we found were even stronger when only plaques that were present in one
segment were observed. Omitting the proximal RCA and LM had no or insignificant influence on
the results.

4.3.3 Myocardium and Inner Curve Segments
An example of plaque distribution assessment with spatial relationship to the myocardium
and curve of the coronary artery can be seen in Figure 4.4. The distribution of plaque with
respect to the myocardium could be assessed in 236 (87.4%) of 270 segments. Distribution
with respect to the inner curve could be assessed in 110 (40.7%) segments. Segments where
no position towards the myocardium could be designated were mostly seen in the LM (30
segments, 11.1%). Distribution of plaque in myocardium and inner curve segments can be
found in Figure 4.5. Cochran’s tests were also performed for each of the pairwise comparisons,
of which the results can be found in Table 4.7. In myocardium segment distribution, plaque
was only more frequently found in segment 1M versus segment 3M (p=.003). Plaque was also
more frequently found in segment 1IC of the inner curve with respect to the other individual
segments (p<.001).
Myocardium and inner curve were tested only with segment 1 as independent factor to
predict geometrical parameters. Afterwards, combinations of all four segments were analyzed.
Both analysis yielded no significant associations between one segment (nr. 1) or all segments
with any geometrical parameters.

4.4

discussion

Geometry parameters (averages and differences) used for this part of the study were described
in Chapter 3. Comparable studies about geometry quantification and corresponding limitations
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Figure 4.4 Same plaque as Figure 4.2. (A) Cross-section of the most obstructive part, (B) myocardium
(red shaded) site defined, with plaque distributed in segments 2 and 3, (C) inner curve defined using 3D
volume rendering. Plaque is distributed in segments 1 and 2.

(a) Myocardium: with asymptotic significant distribution between all four sites (p =
0.017).

(b) Inner curve: with asymptotic significant distribution between all four sites
(p<0.001).
Figure 4.5 Related-samples Cochran’s Q tests and distributions in the four created myocardium and inner
curve segments. ‘Yes’ represents presence of plaque and ‘No’ absence of plaque.

are discussed in previous chapters and not repeated here. The focus of this discussion will be
on plaque development assessment and its association with dynamic coronary geometry. Most
important issue addressed in this study was: How can hemodynamic preferred sites of coronary
plaque development be quantified and how are they associated with previously determined
(static and dynamic) geometrical parameters? Answering this question should eventually
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Table 4.7: Pairwise comparisons according to Cochran’s Q test. Significance is indicated with an asterisk
when p<.008.
Segment X vs. Segment Y →

1 vs. 2

1 vs. 3

1 vs. 4

2 vs. 3

2 vs. 4

3 vs. 4

Myocardium (p-value)
Inner curve (p-value)

.084
<.001*

.003*
<.001*

.013
<.001*

.212
.172

.442
.785

.631
.101

lead to an advice for clinicians whether they should consider coronary artery geometry in
CAD

assessment and how. The results showed that previously determined static and dynamic

parameters are not associated with degree of stenosis in the current dataset. Only plaque length
can be related to both stenosis and geometry of the coronary arteries.
We tried to reproduce our findings from Chapter 2 although other data, patient groups,
and parameters were used. Previously, we found that curvature and tortuosity are suitable
geometrical predictors on artery and segment level of plaque presence and hemodynamic
significant stenosis based on >70% lumen narrowing. This study showed only slight significant
association between (average) curvature with groups of <50% and >50% stenosis on artery
level. These results conflict with the previous results from the static study based on the same
parameters. However, we can designate two main determinants in both studies that may
contribute to different results.
First, patient groups as described in method sections of Chapter 2 (static study) and Chapter
3 (dynamic study) are substantially differing in patient inclusion. Patients from the GROUND-2
study [25] were recruited when they had symptomatic extra-cardiac arterial disease, but no
history or complaints of symptomatic CAD. Patients from the dynamic study were included
mostly from the CARDUCCI study (52 of 71 patients, 73.2%),[53] 7 (9.9%) from the TACS study,[55]
and 12 (16.9%) from the GROUND study.[54] In contrary, the CARDUCCI study included patients
that were scheduled for ICA and TACS included patients with acute chest pain. Based on these
selections, the patient group used in the dynamic study are on average more severe cases of
CAD,

where the GROUND-2 study even included patients with no cardiac disease at all. Our

hypothesis is that patients more severely affected by CAD have undergone (more) geometry
changes. Besides, hemodynamics have altered in these patients due to plaque build-up in the
arteries, which may lead to even more sites of plaque development. This possible explanation
remains to be tested, for instance by carefully selecting and investigating patients with multiple
degrees of disease (see also subsection 5.1.4). We also observed that semi-automatic centerline
extraction was more difficult in patients with severe CAD. This may have hampered accuracy of
geometry assessments. Further demographics like number of inclusions, age, and gender were
comparable between the patient groups.
Second, data used in both studies differed in reconstruction parameters. The static study
quantified geometry on slices reconstructed as consecutive 0.6 mm slices, whereas the dynamic
study used thicker slices of 2.0 mm. The intended use of these ‘thick slices’ was originally to
select the phase with least motion artifacts, to reconstruct ‘thin slice’ data of 0.6 mm. Data
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used for extraction coronary centerlines in clinical CAD assessment usually has a resolution of
0.4 mm (slice interval and pixel spacing), which is also maintained by Schaap et al. in their
evaluation framework for coronary centerline extraction algorithms.[64] Our multi-phase data
in the dynamic study has an average slice interval of 2.0 mm and pixel spacing of 0.85 mm.
It is obvious that these resolution characteristics yield less accurate geometry measurements,
but its exact influence is yet unknown. To investigate the influence of different reconstruction
thicknesses, a subset of patients should be investigated on both consecutive slices of 0.6 mm
and 2.0 mm.
Our results suggest that differences in curvature, tortuosity, and number of inflection points
cannot be associated with or predict preferred sites of plaque development. Since this is the first
study to our best knowledge investigating the direct association of dynamic coronary geometry
with quantified plaque parameters without applying CFD, it is hard to compare results with
other studies investigating similar issues. CFD studies were incentive for this research, where
sites of low WSS were linked with coronary geometry.[6, 14, 16, 19, 20, 46, 47] However, some
studies also suggested that dynamic geometry characteristics are not always represented or
influenced by shear stresses in certain segments.[49, 50] A comparison between certain studies
and our study is especially hard to achieve considering the large amount of variability between
those studies. Examples of factor contributing to this variability are: the assessed segments
or arteries, which (recent) imaging techniques were used, patient or model-based analysis,
which variables/parameters were measured, and which mutual relations between geometry,
hemodynamics, or plaque development were described or studies. Therefore, our study tried to
directly relate static and dynamic coronary geometry of all (large) arteries and segments with
plaque development based on cCTA imaging.
An interesting similarity with most CFD studies was that we were also able to locate most of
our plaques located in the inner curve of vessels.[17] Furthermore, a comparable method was
applied with IVUS technique by Iwami et al., who found preferential sites of atherosclerosis along
the inner arc of coronary vessels.[20] We showed that this can be measured with cCTA imaging,
but is still not associable with coronary geometry. If geometrical parameters can be used to
‘recognize’ certain segments where plaques develop along the inner curve, it could be used as
potential risk factor for developing CAD. Furthermore, the inner curve segment could only be
designated in 40.7% of the cases on cCTA, and assessment was rather subjective. IVUS would
be a better distribution tool, as performed by [20] et al. This technique can achieve resolution
of 100-150 µm[65] which makes is possible to determine the percentage of plaque in each
cross-sectional segment, rather than depicting whether plaque is present or not in a segment
like in our method. The limitations of the proposed plaque distribution method demonstrate
that this method should be improved on many aspects and is still far from clinical practice.
An option is to obtain more localized curvature values. However, the disadvantage is that
this would be hard to generalize among patients. Landmarks that could always be identified
(like side branches) should be used to compare parts of coronary arteries among individuals.
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Observing the site of maximum curvature in a vessel can also be an option worth to investigate,
but CFD studies like the study from Johnston et al. show that lowest (and highest) WSSs not
appear on the maximum bend of a vessel, but slightly behind the curve. This observation is
explained by the definition of wall shear stress (see section 1.2 and Equation 1.1), which is
dependent on the blood velocity gradient at the vessel wall. Driven by its kinetic energy, blood
tends to move straight ahead in vessels, which results in less particles (and less flow) at the
vessel wall behind a curve.
The only relevant associations that were found in this part of the study were between
multiple of our parameters and plaque length or percentage on segment level (Table 4.6). This
plaque length and percentage were strongly associated with lumen narrowing (p<.0001) as
defined in four categories. However, this measure is currently of no use in clinical practice,
where based on cCTA significant stenoses are assessed by the degree of lumen narrowing as a
result of coronary plaque. Our geometrical parameters could not be directly related to the degree
of stenosis, which was the initial purpose of this study. Based on this findings, our parameters
are not defined well enough and should be adapted more to accommodate hemodynamic
deviating situations in the coronary arteries. Furthermore, it should be noted that the degree of
lumen narrowing based on cCTA is a moderate parameter in assessing hemodynamic significant
stenoses, which is ideally based on functional information like myocardial perfusion.[66] Thus,
parameters like plaque length or percentage are even further away from functional information
about myocardial functioning.
Limitations of centerline extraction, which frequently required manual interference, has
been mentioned before in this study. Regarding our plaque analysis, centerline extraction was
especially hard in patients with severe forms of CAD. The high number of exclusions is mainly
caused by this patient group, where the most affected arteries had to be excluded. For instance,
patients with complete obstruction of an artery were not included in this study, but certain
cases were encountered. This can be considered as selection bias in the study. However, we
stated before that differences between our results from the static and dynamic studies may be
explained by different degrees of hemodynamic alterations in more affected patients. Besides,
patients with severe CAD often demonstrated signs of forming of collaterals. These cases were
also excluded from this study due to abnormal hemodynamic situations, which also contributes
to the selection bias.
It can be summarized that the associations we found in this study are still too weak to have
clinical relevance. It is recommended to overcome the mentioned limitations and to improve this
research on their discussed aspects. Furthermore, the next chapter (Chapter 5) will elaborate
more upon possibilities for future directions in this field of research. Based on the findings from
this study, the most important recommendation would be to investigate or improve geometrical
parameters such that they would better reflect hemodynamic deviations in the coronary arteries.
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CHAPTER

5
General Discussion and Conclusion

5.1

future directions

Throughout this work multiple limitations have been revealed of the performed (sub)studies
and options have been given to further improve research towards the potential of coronary
geometry as an imaging biomarker. This has been accompanied by ideas that are potentially
interesting to investigate. Some of these ideas have already been implemented in the current
study, whereas others have not. A number of those not yet implemented ideas were not the
most obvious choice to study or were far-fetched at first glance, but they do have an interesting
potential and should be considered. Therefore, the following sections will elaborate upon these
topics, and provide possible future directions in this area of research.

5.1.1

Alternative Geometrical Parameters

In the work described in this report multiple geometrical parameters were quantified on CT
datasets. Main geometry quantifiers were curvature and tortuosity, which are common geometry
describing parameters for the coronary arteries, as has already been discussed in Chapter 2
and Chapter 3. Furthermore, the number of inflection points has been introduced to represent
the ‘winding’ aspect (static parameter) and compression of the vessel or segment (dynamic
parameter). Curvature and tortuosity were also mainly chosen for simplicity, since these
parameters were embedded in the same software used to analyze the datasets and extract
centerlines of coronary arteries. In Chapter 2 we found some significant associations between
these parameters and the severity of coronary stenosis. However, Chapter 4 showed that these
results appear less robust and perhaps apply only on specific patient groups or require data
with sufficient image quality for the measurements. Therefore, our chosen parameters are not
ideal in predicting or being associated to coronary plaques. More descriptive parameters that
correspond to hemodynamic alternative situations should be considered.
The goal of ideal geometric parameters that could serve as imaging biomarkers would be
to describe associations with aspects of CAD. Although we were limited by the parameters
embedded in our software, it was possible to extract and transfer coronary centerlines in an
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interactive environment for numerical computation and visualization.1 Figure 5.1 shows examples of extracted RCAs in end-systolic and end-diastolic phases. A more accurate geometrical
parameter for the coronary arteries can be designed, that ideally takes into consideration that
coronary arteries always follow a three-dimensional trajectory due to the shape of the heart. The
normal anatomic path a coronary artery is supposed to follow can be considered as a reference.
Alternative coronary geometry that may lead to hemodynamic alterations should be based on
deviations to its intended course. However, while centerlines through coronary arteries can
be extracted with threshold-based algorithms, defining the ‘normal’ course of the coronary
arteries based on the outer surface of the myocardium and the grooves between heart chambers
adds complexity. An option is to fit a polynomial plane to represent the curved myocardium
surface (Figure 5.2). Based on this, it is theoretically possible to extract parameters describing
the deviation from this plane.
Another possibility is to extract multiple centerlines of coronary arteries in an environment
as Figure 5.1 and Figure 5.2. By carefully selecting the appropriate group of patients with
equal or comparable severity of CAD, a ‘coronary atlas‘ could be constructed. However, it seems
hard to select a representative sample of patients for this purpose, since the process of plaque
development may already be ongoing but undetected, thus hampering the selection of ‘healthy’
vessels to be included in the atlas model. Furthermore, coronary arteries exhibit large variability
in length, shape, size, amount of movement during the cardiac cycle and possibly more factors,
which is disadvantageous for building a normal model.

5.1.1.1 Disadvantages of Alternative Geometry Analysis
From the preliminary analysis resulting in the previous mentioned images, another disadvantage
of investigating other geometrical parameters or even our current method pops up. In the
multiphase images of Figure 5.1a, it can be observed that the origin of these RCAs is not located
at a similar point. Although a beating heart may result in (slight) movement of the origin, it
is the question whether the difference can be as big as in this image, or if this resulted from
reconstruction artifacts. Lu et al. quantified coronary motion on electron-beam tomography
images and maintained a reasonable velocity criterion of 35 mm/s for the RCA.[67] However,
criterion is based upon measurements of the middle portion of the RCA and this refers to velocity,
instead of motion range. It remains an important issue whether arteries in multiple phases
should be translated to a same origin (Figure 5.1b) or not, and it should be carefully considered
when certain analyses will be performed. Our observation could also be an explanation why
geometrical differences in our study showed no associations with CAD.
We discussed in this section that it could be possible to obtain alternative geometry measures,
but creating sufficient sample sizes to obtain significant results will theoretically be hard to
achieve. Furthermore, modeling of the ‘default’ trajectory of the coronary arteries is accompanied
1

MATLAB R by MathWorks. http://nl.mathworks.com/.
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by making assumptions that cannot always represent the actual situation. Our research was
set-up as simple as possible, but this analysis will just like CFD studies correspond less to reality.

(a) The ES (blue) and ED (red) phases of an RCA (b) The ES (blue) and ED (red) phases with measurements and begin points translated to a shared origin.
depicted as individual points.
Figure 5.1 Examples of extracted RCAs centerlines of one patient in ES and ED.

(a) Side / front view.
(b) Side view.
Figure 5.2 Examples of an extracted RCAs centerline with fitted polynomial plane. Centerline is depicted
in red, and polynomial plane in blue.

5.1.2

Coronary Centerline Extraction Validation

Throughout this study the automated coronary centerline extraction method from the Aquarius
iNtuition software from TeraRecon was used (subsection 1.1.3 and method sections for reference).
All geometrical measurements were based on the extracted centerlines with this software.
However, there are more software packages from vendors that can provide post-processing
tools for coronary imaging, but obviously are based on other algorithms. It is interesting to
investigate how different software competitors score on this component. Schaap et al. developed
a standardized evaluation methodology for evaluating coronary artery centerline extraction
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algorithms.[64]1 They already evaluated 23 coronary artery centerline extraction methods with
their framework based on reference and testing data. Our software with embedded extraction
algorithm is considered visually sufficient enough and widely used in the clinic setting for
coronary CT imaging. However, it was noted that manual adjustment of the centerline was often
required, especially in areas involved in coronary artery disease with plaques and calcifications
present. These adjustments could have major impacts on geometrical measurements, making it
extremely important that this was performed equally in both phases of one patient. Equivalent
adjustment between individuals was more difficult. Some centerlines were visually extracted
almost perfectly, whereas some required much manual adaptations.
It would be interesting to test the used extraction algorithm with the evaluation framework
developed by Schaap et al. However, our research focused on geometrical measurements.
A coronary centerline extraction validation that also validates geometrical measurements of
the centerline would be even better. For example, this can be performed using a (dynamic)
phantom representing coronary arteries with different levels of calcifications. Information about
calcifications and geometry can be based on the phantom manufacturing, which can be used in
validation of our method. However, it would be hard to produce a phantom that realistically
simulates the in vivo situation. Respiratory and cardiac motion (with possible irregularities),
ECG

registration, and signal attenuation by extra-cardiac tissue are examples of factors that can

influence the quality of the eventual geometrical measurements. These factors should clearly be
considered when performing a phantom study on coronary geometry.
Created centerlines are often visualized with CPR to assess coronary lumen on plaques
and/or stenoses (Figure 1.5). A main limitation is that CPR methods are always dependent
on the quality of the computed central axis (i.e. centerline), and that only parts of vascular
structures that are touched by the re-sampled surface are visible on the CPR view. Therefore,
the promises and pitfalls of CPR are important to be kept in mind, since it may have major
influences on the outcomes of this research. This point is only important in the visualization
process to enhance luminal information of the coronary arteries and thus logically dependent
on the quality of the extracted centerline. It should be noted that only the number of inflection
points is based on the CPR. Vessel length, curvature, and tortuosity measurements are based on
3D plots of the centerlines and thus independent of CPR.

5.1.3

Inter- and Intraobserver Variability

An adequate inter- and intraobserver variability is required when geometrical measurements
should eventually be taken into clinical routine. In Chapter 2 we measured these values
(Table 2.3). Although sufficiently low variability was achieved for curvature and tortuosity
measurements, still many improvements can be made for ‘troublesome’ segments and arteries
1

The Rotterdam coronary artery algorithm evaluation framework. Accessible at coronary.bigr.nl.

Chapter 5
– general discussion and conclusion –

47 71
like the LM and (segments of) the LCx. However, these values were obtained from geometrical
measurements in the ED phase only. This phase (usually between 75-80% of the cardiac cycle) is
also the most frequently assessed phase for CAD assessment in clinical practice, because of the
least expected motion of the coronary arteries.[68] Considering dynamics of coronary geometry,
the ES phase should also be assessed with corresponding variabilities. The coronary arteries are
usually more in motion at this point of the cardiac cycle, which is the reason that the ED phase
is more often used in clinical practice. In our clinic, ES phase is only scanned and reconstructed
if ED reconstruction shows coronary assessment complicating artifacts, or if there is high prior
probability that ED reconstruction only will not be sufficient enough. Therefore, inter- and
intraobserver variability should be examined in multiple phases of the cardiac cycle, to use
dynamic geometrical properties of the coronary arteries in future research. It is expected that
those variabilities will be worse than the values for the ED phase found in this research, due to
the hard assessable character of the ES phase.

5.1.4

Time Evaluation of Dynamic Geometry

An important issue that could not be resolved in this study, was the question whether changing
coronary geometry through the cardiac cycle would be associated with plaque development, or
if and to what extent coronary plaques would induce deviating geometry. It is most likely that
geometry and CAD do not exhibit a simple cause-effect relationship. Both deviating coronary
geometry and presence of coronary plaques are often both present and may reinforce each other.
The term deviating coronary geometry complicates this issue even more. Based on this research,
coronary geometry can only be quantified with parameters, and not be designated as deviating
enough to give rise to coronary plaques. Furthermore, risk factors such as age, gender, and
hypertension are cohesive for both coronary geometry and coronary plaques. Therefore, it may
be hard to investigate and determine who the culprit and victim are in the coronary system,
based on single-time observations and regarding the presence of numerous risk factors that can
account for both parties.
The most basic thing to investigate, would be a (mature) arterial configuration in a healthy
situation. When this geometry configuration is used as a starting or reference point, further
follow-up can determine whether geometry has changed. This also brings along the technical
challenge to scan and reconstruct coronary arteries of a subject in an equivalent phase when the
subject is followed over time. Many determinants from image acquisition and post-processing
may influence geometrical measurements. Examples are ECG registration, adequate reconstruction quality as in the first assessed phase, need of the same CT scanner, and comparable
implementation of the centerline-extraction algorithm. Furthermore, adding the dynamic dimension of moving coronary arteries during the cardiac cycle would complicate this research even
more. In order to investigate time-development of coronary artery geometry, the challenges of
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doing so should therefore first be carefully considered and surmounted. As far as known, there
are no present patient studies that followed a group patients over time to investigate the change
of coronary geometry and its potential effects.
When possibilities for such a study arise, it may be interesting to observe patient without
history of any arterial disease (i.e. healthy subjects) as stated before. For coronary imaging, CT is
the current clinical assessment technique, but it is stated that neither cCTA nor MR angiography
should be used to screen for CAD patients who have no signs or symptoms suggestive for
CAD.[8]

As mentioned before in Chapter 1, MR techniques are currently inferior on spatial

resolution, consistency, examination time, and availability compared to CT. However, the major
disadvantage of CT is that it uses ionizing radiation, making disease-free studies especially hard
based on ethical issues. For example, patients from the dynamic study in Chapter 3 received
an average dose of 22.5 mSv (±4.9 mSv), where background radiation in the Netherlands is on
average 2.4 mSv each year.1 In order to further study coronary geometry on cardiac healthy
patients/subjects, its potential as imaging biomarker for CAD has to be demonstrated better
and radiation exposure needs to be drastically reduced. Current generation CT scanners may
overcome or improve the latter issue.

5.1.4.1 Generations of Coronary CT Imaging
The current coronary imaging modality in the UMCG is a first generation DSCT scanner (Somatom
Definition AG, Siemens Medical Systems, Forchheim, Germany). This system was installed
in May 2006 and used as imaging modality in this research. As stated in subsection 5.1.4,
patients were exposed to comparatively high levels of radiation, especially those involved in
the dynamic coronary geometry study. Next generations of DSCT scanners have developed and
are implemented in clinical practice more and more. An overview of the latest generations
DSCT

scanners used for coronary imaging and relevant features are given in Figure 5.3 and

Table 5.1. The UMCG will install Siemens’s third generation DSCT scanner (Force) in the beginning
of 2015 at the radiology department. Improvements of this scanner also pave the way for future
coronary geometry investigations. Major advantages of the Force are the improved temporal
resolution of 66 ms and the possible reduced radiation exposure of less than 0.4 mSv. Although
our used algorithm for centerline extraction and corresponding geometrical measurements was
not validated, improved temporal and spatial resolution of the Force could yield more accurate
centerlines and be less sensitive for calcifications. Thus, geometrical measurements are more
reliable and should have improved intra- and inter-observer variabilities. Installation of a third
generation Siemens DSCT Force scanner (Figure 5.3b) next year in UMCG with possible radiation
doses ot patients below 1 mSv can also create opportunities to perform studies with healthier
subject groups (see subsection 5.1.4). However, there will be still radiation exposure and it
remains the question whether medical ethical committees would allow studies to investigate
1

Source: http://www.rivm.nl/Onderwerpen/S/Stralingsbelasting_in_Nederland
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(b) SOMATOM R Force.
(a) SOMATOM R Definition Flash.
Figure 5.3 Latest two generations SOMATOM R DSCT scanners by Siemens. Images from http://www.
healthcare.siemens.nl/computed-tomography/.
Table 5.1: Features of three generations SOMATOM R Siemens CT scanners. Scan time and effective dose are
stated for what is approximately possible in cCTA with prospective ECG-triggering. Information is derived
from [53], [69] and http://www.healthcare.siemens.nl/computed-tomography/dual-source-ct.

Generation DSCT
Acquired slices
Temporal resolution
Spatial resolution
Scan time
Eff. dose

SOMATOM Definition

SOMATOM Definition Flash

SOMATOM Force

1st

2nd

128 (2 x 64)
83 ms
0.4 mm
~8 s
~2-4 mSv

256 (2 x 128)
75 ms
0.30 mm
~0.28 s
~0.4 mSv

3rd
384 (2 x 192)
66 ms
0.24 mm
~0.2 s
~0.3 mSv

certain groups of CAD-free patients with this newest generation DSCT imaging. Furthermore,
when dynamic geometrical information about the coronary geometry needs to be obtained
using retrospectively ECG-gating, the effective dose will increase and possibly be more than 1
mSv again.

5.1.5

Geometry in the Human Arterial System

In this work only the coronary arteries were considered and the influence of their geometry
on CAD. A main reason for this focus is large prevalence of CAD patients and the associated
risk of mortality. Furthermore, coronary arteries are the only vessel that are a life-time in
motion, which influences hemodynamics that potentially triggers plaque development even
more. However, other human arteries can be considered and quantified in geometrical terms
as well. The implemented tortuosity measurements originally had their purpose at aortic
bifurcation level.[28, 70] Furthermore, not only stenoses and plaque development are associated
with hemodynamic parameters like the WSS, but also vessel aneurysms and in-stent re-stenoses
are related before with deviating hemodynamic situation with respect to ‘normal situations’.[13]
Interesting parameters to investigate would be the carotid arteries for stenosis assessment,

Chapter 5
– general discussion and conclusion –

50 71
vessels in the circle of Willis or the abdominal aorta for aneurysm development, or patients
with coronary artery bypass grafts to assess re-stenosis. The dynamic part of Chapter 3 in this
study can even be translated to frequently moving arteries located at joints, for example in
popliteal artery stenosis. A major advantage would be that complicating factors like cardiac and
respiratory motion are eliminated. Obviously, anatomy of vessels has to be accurately quantified
by (other) geometrical parameters to represent a normal hemodynamic course of the vessel. Our
curvature, tortuosity and inflection points parameter implementations are perhaps not most
suitable for the coronary arteries (see subsection 5.1.1). Optimal geometrical parameters must
account for deviations in hemodynamics that can lead to vessel wall weakening (aneurysms) or
wall damage with thrombosis (stenosis), and should therefore be individually adapted to any
type of blood vessel.

5.2

summary and general conclusion

In Chapter 2 the relationship between coronary artery geometry and the presence of coronary plaques was assessed using non-invasive coronary CT angiography (cCTA). This study
demonstrated that curvature and tortuosity of the coronary arteries can be obtained using
semi-automatic analysis of cardiac CT datasets with high inter- and intra-observer correlation.
There is a relationship between the curvature of the coronary arteries and the presence of significant stenosis and/or plaque in the arteries. These findings provide a preliminary indication
that coronary artery geometry could be a potential imaging biomarker for risk assessment of
coronary artery disease.
Chapter 3 proposed a robust and valid method that can be used to quantify changing
geometry of the coronary arteries during the cardiac cycle on retrospectively ECG-gated cCTA
datasets. Curvature, tortuosity and inflection points measures were significantly higher in
end-systole compared to end-diastole for coronary arteries as well as individual segments.
These findings could be used to further investigate whether coronary artery geometry based on
routine cCTA can identify preferential sites for plaque development.
The extent of CAD was quantified in Chapter 4 based on hemodynamic preferred sites of
plaque development on the same dataset as used in the previous chapter. Our static geometry
parameters are less robust then previously assumed based on the results in the second chapter.
Dynamic geometry parameters yielded no significant association with degree of stenosis as
well. However, both static and dynamic parameters were strongly associated with plaque length
and percentage, which are in turn positively correlated with coronary stenosis on multiple
levels. cCTA can also be used to determine cross-sectional distribution of coronary plaque which
corresponds with hemodynamic findings, but plaque distribution was not associated with the
quantified parameters. More specific geometry parameters should be designed that can directly
associate with degree of coronary stenosis.
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Finally, the current chapter (Chapter 5) provided some future perspectives to improve or
expand the current research. The most interesting and first step should be to focus on improving
geometrical parameters that better corresponds to the coronary hemodynamic situation and
that can be associated with plaque development. Latest generation DSCT scanners can extend
research through better temporal and spatial resolution, which should result in improved intraand inter-observer variabilities and improved (validated) centerlines. When the potential of
(dynamic) coronary geometry as imaging biomarker for CAD has been demonstrated thoroughly,
the purpose of time-evaluation studies to reveal more about cause-effect relationship can be
considered. With the current state of coronary geometry research, many steps needs to be taken
and limitations to overcome, to eventually use coronary geometry as a risk factor for CAD in
clinical practice.
In conclusion, the investigated static parameters are associated with plaque development.
This association is not generalizable and depends on image quality and patient population.
Dynamic parameters can be used to quantify movement of coronary arteries and segments.
Both static and dynamic parameters are associated with length of plaques in coronary arteries,
but not with the extent of stenosis. In the current state of research, our investigated parameters
can not be used in predicting or associating with preferred sites of coronary artery disease.
However, the current results do provide new and deeper insights in the anatomy, motion and
deformation of the coronary artery tree and could eventually lead to the development of novel
image biomarkers to identify risk of CAD.
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Anterior projection of the coronary arteries. The RCA, LAD, and LCx (see
text for a description of their courses) are visible. From ‘The Radiology
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segment (left image) and whole vessel (right image). The measured
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Chapter 3.
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indicate one inflection point in both phases.
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Figure 3.3

Map of the number of inflection points in ES and ED for all arteries
together. The numbers in the boxes depict the amount of times that
specific combination was observed. Darkness in the boxes is linked with
natural logarithmic transformed numbers in the relevant box.
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Map of the number of inflection points in ES and ED for all segments.
The numbers in de boxes depict the amount of times that specific
combination was observed. Darkness in the boxes is linked with log
transformed numbers in the relevant box.
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Map of the number of inflection points in ES and ED for (A) the RCA,
(B) the LAD, and (C) the LCx. The numbers in the boxes depict the
amount of times that specific combination was observed. Darkness
in the boxes is linked with logarithmic transformed numbers in the
relevant box.
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Schematic transverse views of plaque stenosis classification used in this
study. Percentages placed in the pink area represent the remaining
lumen and in the yellow area the amount of stenosis as percentage of
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Example of plaque analysis measurement in the mid-LAD with <50%
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Myocardium and inner curve segmentation. Rotation of both segmentations are equal (i.e. 1M ∼ 1IC ) in this image since this vessel is bent
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Same plaque as Figure 4.2. (A) Cross-section of the most obstructive
part, (B) myocardium (red shaded) site defined, with plaque distributed
in segments 2 and 3, (C) inner curve defined using 3D volume rendering.
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Related-samples Cochran’s Q tests and distributions in the four created
myocardium and inner curve segments. ‘Yes’ represents presence of
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Examples of extracted RCAs centerlines of one patient in ES and ED.
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Examples of an extracted RCAs centerline with fitted polynomial plane.
Centerline is depicted in red, and polynomial plane in blue.
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Latest two generations SOMATOM R DSCT scanners by Siemens. Images
from http://www.healthcare.siemens.nl/computed-tomography/.
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Figure A.1

Mercator projection of the earth’s surface. Greenland and Antarctica for
example are deformed and unduly magnified, because of transforming
spherical information into a flat image. Analogous situation to the
‘projected’ CPR distortions of tissue not located at the centerline. From

http://tinyurl.com/q554h4v.
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Alternative projection of the earth’s surface. Although the land size
is now correct, land at the poles (horizontally stretched) and Equator
(vertically stretched) is still deformed, which also happens to tissue
with ‘stretched’ CPR. From http://tinyurl.com/q554h4v.
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Bland-Altman plots for inter-reader differences of curvature measurements in the patient group from Chapter 2.
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Bland-Altman plots for inter-reader differences of tortuosity measurements in the patient group from Chapter 2.
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APPENDIX

A
Additional Figures

Figure A.1: Mercator projection of the
earth’s surface. Greenland and Antarctica for example are deformed and unduly magnified, because of transforming spherical information into a flat image. Analogous situation to the ‘projected’ CPR distortions of tissue not located at the centerline. From http:
//tinyurl.com/q554h4v.

Figure A.2: Alternative projection of
the earth’s surface. Although the land
size is now correct, land at the poles
(horizontally stretched) and Equator
(vertically stretched) is still deformed,
which also happens to tissue with
‘stretched’ CPR. From http://tinyurl.
com/q554h4v.
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Figure A.3: Bland-Altman plots for
intra-reader differences of curvature
measurements in the patient group
from Chapter 2.

Figure A.4: Bland-Altman plots for
intra-reader differences of tortuosity
measurements in the patient group
from Chapter 2.
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Figure A.5: Bland-Altman plots for
inter-reader differences of curvature
measurements in the patient group
from Chapter 2.

Figure A.6: Bland-Altman plots for
inter-reader differences of tortuosity
measurements in the patient group
from Chapter 2.

