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NEW DEVELOPMENTS IN 

NON-INVASIVE CORONARY IM AGING 



Stellingen 

behorend bij het proefschrift 

NEW DEVELOPMENTS IN 

NON-INVASIVE CORON ARY IM AGING 

1. Magnetic resonance imaging (MRI) has no role in the non-invasive 
coronary artery stenosis detection ( this thesis) 

2. Bypass graft occlusion detection is reliable with non-invasive multi
detector computed tomography (MDCT) coronary angiography ( this 
thesis) 

3. Therapy advice based on non-invasive dual-source computed to
mography (DSCT) coronary angiography does not lead to under
treatment of patients and is at least as good as invasive coronary 
angiography ( CAG) based treatment advice ( this thesis) 

4. With the new developments in non-invasive coronary imaging the 
role of coronary angiography (CAG) is changing from a diagnostic 
to a purely therapeutic procedure 

5. The image quality of non-invasive computed tomographic coronary 
imaging is inversely related to the progression of the atherosclerotic 
process ( this thesis) 

6. The lack of standardization in window and level settings and differ
ences in computer algorithms do not allow measurements of commer
cially available cardiac software packages to be used interchangeable 
( this thesis) 

7. Where patience fails, force prevails (Woody) 

8. If hair was so important, it would be in your head instead of on your 
head (Galeano) 

9. A goal without a plan is just a wish (Antoine de Saint-Excupery) 

10. In Hollanner seit mear as er wit, in Fries minder 
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"Het is enkel met het hart dat we op de juiste manier kunnen zien; wat wezenlijk 
is, is onzichtbaar voor het oog" 

-Antoine de Saint-Excupery-
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Chapter 1 

Cardiovascular disease is the leading cause of death in Western society. In the 
Netherlands 42.522 people died of cardiovascular disease, accounting for 32% of 
total mortality in 2006. In this group 12.491 deaths (29%) were related to ischemic 
heart disease.1 To reduce mortality and morbidity of ischemic heart disease early 
detection and treatment is essential. In a large, often asymptomatic, population 
invasive screening is not preferred. Ideally, early detection should be non-invasive, 
fast and cheap. Furthermore, it should be able to detect coronary artery disease 
in all its stages and regions, to evaluate the progression in time, to assess the 
response to therapy. and to allow for assessment of subclinical disease.2, 3 To be 
able to detect coronary artery disease in its early stages some knowledge on the 
pathophysiology of coronary artery disease is necessary. 

Ischemic heart disease is caused by coronary atherosclerosis. Plaque disruption 
with superimposed thrombosis is the underlying pathology in the acute coronary 
syndromes of unstable angina, myocardial infarction and sudden death. 4 The 
American Heart Association (AHA) committee on vascular lesions has subdi
vided plaque progression into five phases and has distinguished different types of 
plaque.5 In short, coronary artery plaques progress from 'fatty streaks' without 
noticeable coronary artery wall thickening to lipid, calcified or fibrotic plaques 
with severe stenosis or occlusion of the coronary artery lumen.5 

In phase one lesions early in the development of coronary artery stenosis, lipid 
containing macrophages are seen. They can be visible in very young people even 
in early childhood and are named 'fatty streaks'. Phase two lesions, have a high 
lipid content covered by a fibrous cap and they show some degree of inflammation. 
Although these lesions still do not necessarily result in stenosis, they may be prone 
to rupture depending on the amount of lipid content, inflammation and, most im
portantly, on the thickness of the fibrous cap. Phase two lesions can further be 
subdivided into fibrous lesion with a large lipid core (fibroatheroma, Va), pre
dominant calcified lesion (Vb), or predominant fibrotic lesion with minimal lipid 
content (V c). 5 Calcifications can thus be seen early in the atherosclerotic pro
cess. Phase 2 lesions evolve into the acute phases 3 and 4 lesions, where rupture 
or erosion of the plaque lead to thrombosis. When the thrombus is non-occlusive 
it is clinically silent or occasionally may lead to the onset of angina (phase 3). 
When the thrombus leads to a vessel occlusion it becomes clinically apparent in 
the form of an acute coronary syndrome (phase 4). From post-mortem studies it is 
known that in more than two-third, acute coronary syndrome is caused by occlu
sive thrombosis on a 11011-stenotic plaque ( < 70% stenosis) and in approximately 
one-third, the thrombus occurs on the surface of an already stenotic plaque.4' 6, 7 
Phase 5 lesions are characterized by occlusion due to calcified or fibrous lesions. 
Because these lesions are often preceded by years of stenosis or slowly progressive 
stenosis, the myocardium may be protected by collateral circulation and such le
sions may then be silent or clinically unapparent. 2, 3 

Rupture of coronary plaques are thought to be initiated by anatomical as well as 
functional changes. 8 Macrophages and mast cells within the plaque are capable 
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Introduction 

of degrading the extracellular matrix by phagocytosis or secretion of proteolytic 
enzymes which weaken the fibrous cap and predispose it to rupture. 2, 3 Changes 
in physical forces affect the fibrous cap especially at the thinnest and weakest 
spots. For eccentric plaques, this is often the shoulder or between the plaque and 
the adjacent vessel wall. Both mechanisms are thought to be important in plaque 
rupture.8 

Ischemic heart disease often becomes clinically apparent in the form of an acute 
coronary syndrome. The clinical presentation of acute coronary syndrome, how
ever, has a wide clinical spectrum. At one end of the spectrum are patients with 
sudden cardiac death or myocardial infarction without a single warning episode 
of angina. At the other end of the spectrum are patients with unstable angina. 
Plaque progression in such diverse patient groups may therefore not be the same. 
Even plaques within a single patient might progress independently due to hetero
geneity of plaque histology and physical forces. 6 

Visualization of coronary anatomy 
The Greek physician Galen ( ca 130-210 BC) acquired his anatomical knowledge 
based on his dissections of animals and based on the work of Herophilos ( ca 335-
280 BC) and Erasistratus (ca 304-250 BC). Based on his numerous observations 
and similarities found in different animals, Galen expected that human anatomy 
would be in essence equal to what he had found in animals. Galen was the first 
to use the term 'coronary' to describe the larger arteries of the heart.9 But he 
did not know their function. In the 14th century, the Catholic Church started 
to allow hanged murderers to be dissected in Europe. However, Galen's influence 
was so large that, when dissections discovered differences from or errors in Galen's 
anatomy, the physicians often tried to fit these into Galen's descriptions. It was, 
therefore, still thought that the interventricular septum contained invisible pores 
which allowed blood to flow from the right to the left ventricle. 
In 1242 the Arabian physician, Ibn al-Nafis (1213-1288), discovered and described 
the blood circulation in humans. He wrote that the heart had two cavities with 
a thick wall in between which did not allow any passages of blood. He was the 
first person known to describe the pulmonary circulation and the coronary circula
tion:" The nourishment of the heart is from the blood that goes through the vessels 
that permeate the body of the heart" .10 Surprisingly, Ibn al-Nafis's work was not 
based on human dissection but on extensive reading and study of anatomy. At 
the time of his discovery, the significance of his ideas was not really understood 
even in his own country, and was probably unknown by physicians in Western 
countries. 
Vesalius (1514-1564), a Belgian anatomist and physician performed detailed dis
sections of human corpses as a means of verification of Galen's writings. He was 
the first to question Galen's descriptions and wrote his findings in a comprehensive 
textbook of anatomy "De humani corporis fabrica libri septem" in 1543. Many of 
the illustrations in this book were made by commissioned artists and the anatom-

15 



Chapter 1 

ical details were, therefore, superior to the illustrations in anatomical atlases of 
that time, which were often made by anatomy professors themselves. Beside the 
accurate depiction of detailed anatomical structures the illustrations of the artist 
showed human corpses in different poses, such as a weary skeleton leaning on a 
spade. 
The visualization of anatomy was from its early years based on detailed draw
ings. The popularity of the anatomist was, therefore, equal to the quality of his 
drawing talents. Many famous artists from Michelangelo to Rembrandt studied 
anatomy and attended dissections mainly to sell their drawings for money. Da 
Vinci (1452-1519) on the other hand was besides an artist also an influential sci
entist. He made many observations and performed numerous experiments which 
he recorded in sketches and notes. He also performed human dissections and drew 
detailed illustrations of bones, muscles and organs. Da Vinci was also the first to 
draw coronary arteries. He described the coronary arteries to be surrounded by 
"waxy fat" which may explain the failure of the earlier anatomists to observe and 
describe these structures.11 

It took the discovery of x-rays by Roentgen (1845 1923) on 8 November 1895 
until new studies on the function and anatomy of the coronary arteries were ini
tiatcd.12 For the first time it was no longer necessary to open the human body to 
visualize human anatomy. Although it was soon realized that beside the natural 
contrast between soft tissue and bone or gas in the gastrointestinal tract the imag
ing capabilities would be limited. The discovery of contrast agents has, however, 
greatly expended the applications of x-ray imaging. 
At first radiopaque material was used to visualize the gastrointestinal tract and 
later to perform urography. Although the visualization of blood vessels was 
achieved one month after the discovery of x-rays, it was only applied in patients 
in the 1920s.13-15 

Baumgarten (1837-1910) used x-rays on coronary arteries of animal cadaver 
hearts injected with radiopaque substances to produce the first coronary arte
riogram in 1899.15 Two German physicians, Jamin and Merkel, evaluated 29 
human cadaver hearts with the same technique, injecting the coronary arteries 
with a suspension of red lead in gelatine. They published their results in the first 
roentgenographic atlas of the human coronary arteries in 1907.13 

Guerbet (1861-1938), a pharmacist, was stimulated to make iodinated oil at the 
end of the 19th century when there was a great interest in the treatment of 
syphilis with iodine containing pharmaceuticals. Eventually, Guerbet prepared a 
mixture of poppy seed oil and iodine, known as Lipiodol.16 The radiopaque prop
erties of Lipiodol were only discovered years later in 1918. Sicard (1872-1929) 
and Forestier (1890 1978) used Lipiodol in humans first to visualize the bronchial 
tree and for myelography and later for angiography. In 1923, Sicard and Forestier 
used Lipiodol for venous injections in dogs and humans.17 The use of Lipiodol was 
abandoned when arterial injections in dogs resulted in pulmonary complications 
and death. 
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At that same time, the first venograms and arteriograms of the upper extremities 
were performed with 20% strontium bromide and the first arteriograms of the 
lower extremities were performed with sodium iodide.18, 19 

Thorium dioxide became available for nonsystemic use in 1920 and for systemic 
application in 1930.19 In 1933, Rousthoi injected thorium dioxide after direct 
needle puncture into the thoracic or abdominal aorta of rabbits to produce an
giocardiograms of the aorta and coronary arteries.20 The use of Thorium dioxide 
was abandoned decades later after it showed to cause malignancies. 
Swick experimented with organic iodine, which resulted in the production of Uro
Selectan in 1929, which could be administered intravenously and showed to be 
safer compared to inorganic iodide solutions. 21 His discovery stimulated the search 
and development of other safer radiopaque organic iodides. 

After Rousthoi's visualization of the coronary arteries by direct needle puncture 
of the aorta, Radner in 1945 used a similar approach to study cardiac dynamics. 
He was the first to use a suprasternal approach to puncture the aorta, pulmonary 
artery and left atrium. 22, 23 Other variants of the direct puncture of the heart and 
aorta have been described and used for evaluation of the valve and ventricular 
function. Since these injection techniques showed to be dangerous and difficult 
to perform they were gradually abandoned and replaced in 1941 by retrograde 
catheterization via the brachial, radial, ulnar, or femoral arteries.13, 15 

In the many studies performed before 1950 there have been descriptions of partial 
nonselective opacification of the coronary vessels. Attempts to image the coro
nary arteries with better opacification many different solutions have been thought 
of and tried without repeated success. Balloon occlusion of the ascending aorta, 
acetylcholine-induced cardiac slowing or arrest, timed diastolic injections, reduc
tion of systemic pressure, and cardiac output by raising endobronchial pressure, 
and the injection of contrast medium directly into the aortic sinuses all have been 
performed.15 Direct catheterization of the coronary arteries was not seen as one 
of the possibilities because it was still thought to be lethal. 
The paediatric cardiologist Sones Jr. (1918-1985) experimented with semi
selective coronary angiography ( CAG) in dogs for which the catheter was placed 
in the ostia of the coronary sinuses of Valsalva near the ostia of the coronary 
artery. On October 1958, after performing a left ventriculogram in a patient with 
valvular disease, Sones pulled the catheter back and set up for an aortogram. 
He then forgot to check the position of the catheter tip before contrast injection 
was started for cine angiography. He was shocked to see that his catheter had 
accidentally intubated the ostium of the right coronary artery. Before he could 
pull the catheter out, 40 ml of contrast was injected directly into the vessel. After 
his discovery he immediately prepared for defibrillation and open-chest massage 
because of the anticipated complications and fatality. Instead the patient devel
oped a temporarily asystole from which the patient recovered fully. Hereafter, 
Sones further developed the new technique of selective coronary arteriography 
with special formed catheters. These catheters allowed for selective coronary 
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artery cannulation without completely occluding the vessel by which the risk of 
cardiac fibrillation was reduced. After years of careful studies, Sones and Shirley 
finally published their results in 1962.24 

After the introduction of selective CAG in 1962, the development of diagnos
tic coronary angiography flourished. It paved the way to the first saphenous vein 
graft bypass surgery in Cleveland in 1967 by Favaloro (1923-2000) and the first 
balloon coronary angioplasty on an awake patient in 1977 in Zurich, by Gruentzig 
(1939-1985). 
CAG has, however, some important drawbacks: CAG only visualizes the coro
nary artery lumen and can not visualize the coronary artery wall. Furthermore, 
a stenosis can only be diagnosed by comparing a stenotic segment to an adjacent 
reference segment that is assumed to be disease free. Studies with intravascular 
ultrasound (IVUS) have indicated that the extent of coronary atherosclerosis is 
underestimated and early stages of the disease are missed by CAG. 25• 26 Espe
cially lipid rich plaques are often underestimated by CAG. Visual assessment of 
coronary artery diameter stenosis on CAG shows a wide inner- and intra-observer 
variation and is operator dependent. 8• 27 Quantitative tools are advised and nec
essary to minimize this operator variability.8 CAG is a projection based imaging 
modality and does not give a three-dimensional visualization. Therefore, area 
stenosis measurements can not be assessed. Due to this projection imaging steno
sis can be masked by overprojection of vessels which hamper correct and fully 
visualization of the coronary tree. 

IVUS is sometimes performed as part of CAG using catheters equipped with 
ultrasound probes at their tip. The first IVUS catheter system was developed by 
Born and colleagues in Rotterdam in 1971 for intracardiac imaging of chambers 
and valves. 28• 29 The first IVUS catheter prototypes were too large to be intro
duced in coronary arteries, but showed good relation with magnetic resonance and 
histopathology in human femoral and iliac arteries. 30 The first human coronary 
vessels were visualized by Yock in 1988 with the first coronary images produced 
the following year.31 

For imaging of the coronary lumen the catheter tip is placed just distal to the 
lesion and is withdrawn during continuous imaging resulting in a series of two
dimensional gray-scale tomographic images of the vessel cross section produced 
by the reflecting sound waves. The high resolution images can depict morphologi
cal characteristics of coronary plaques and distinguish fibrous, calcified, lipid and 
necrotic material. 32 It can also identify different vessel wall layers and is able to 
measure the coronary artery lumen. 8• 33 Because of the size of the IVUS probe 
it is not possible to assess distal or small calibre coronary arteries or pass severe 
stenosis.8 

Calcifications of the coronary vessel wall were first discovered by Benivieni in 
1507 and Fallopio in 1575. They described the degeneration of arteries into bone 
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and named these changes "ossification" of the arteries. Lorenzo Bellini, in 1662, 
called the arterial calcification "petrifications" , referring to stone-like changes and 
was one of the first to speculate on the cause, thinking it was caused by an in
flammatory process.11 
The non-invasive detection of coronary artery calcifications with fluoroscopy was 
first described by the radiologist Rudis-Jackinsky in 1903.34 The relation between 
coronary calcification seen on fluoroscopy and coronary artery disease was estab
lished in 1980, when a large study including 800 patients showed the prognostic 
significance of coronary artery calcification, independent of the results of CAG. 35 

It also showed comparable accuracy in the diagnosis of coronary artery disease in 
comparison to other non-invasive techniques as exercise electrocardiography and 
thallium perfusion imaging. 36 Despite these results coronary artery calcification 
detection using fluoroscopy was never widely used, most probably due to the po
tential exposure to high radiation dose with fluoroscopic examinations. 
In 1984 the Electron Beam computed tomography (EBT), a non-mechanical se
quential scanner, was developed in which an electron beam is rotated around the 
patient within an electromagnetic field. 37 EBT allowed image acquisition to be 
triggered by the patient's electrocardiogram (ECG), with which it for the first 
time was possible to non-invasively visualize the heart and coronary arteries free 
of motion artefacts. 37 

Rienmuller was the first to describe the detection of coronary artery calcifications 
using EBT in 1987.38 As reported earlier, coronary artery calcifications detected 
with fluoroscopy had already shown a relation with the presence of coronary artery 
disease. However, with fluoroscopy it was never possible to quantify the amount 
of coronary calcium. Soon after detection of coronary calcifications on EBT it 
became also possible to quantify the amount of coronary calcifications. In 1990 
Agatston introduced a scoring system to quantify the amount of coronary artery 
calcium on EBT.39 In his initial study, and in other large population studies the 
years following its introduction, the amount of coronary calcium showed to be a 
strong and independent predictor of the risk for coronary events. 39

-
41 Especially 

the percentile ranking of the coronary calcium adjusted for age and gender was 
useful for predicting coronary events. 42 In a recent published guideline the clini
cal value of the calcium score to exclude the presence of coronary artery disease 
in case of a zero calcium score is addressed.43 Furthermore, the clinical value of 
coronary artery calcium measurements are considered in asymptomatic patients 
with an intermediate risk of coronary events. 43 

Coronary calcification, although highly sensitive is moderately specific in deter
mining the presence of significant obstructive disease. 44 Direct visualization of 
coronary arteries is, therefore, essential for the non-invasive assessment of the 
presence and location of coronary artery stenosis. Adequate visualization of the 
coronary arteries demands high standards for these imaging techniques more than 
with imaging of any other organ. Because of the continuous and complex move
ment and small diameters of the coronary arteries high spatial and temporal 
resolution is needed. 
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The first studies with contrast enhanced EBT showed the feasibility of non
invasive evaluation of occlusions and stenosis in coronary arteries, bypass grafts, 
and stents.45-47 Followed by the first clinical study which systematically com
pared the stenosis detection of EBT with CAG in 1998.48 Achenbach found in 
his study in 125 patients a sensitivity of 92% and a specificity of 94% for stenosis 
detection in evaluable vessels.48 However, in this early report, 25% of vessels 
had been excluded because of impaired image quality. In patients scheduled for 
diagnostic coronary angiography Rensing found an overall sensitivity and speci
ficity of 77% and 94%, respectively, for the detection of >50% diameter stenosis.49 

The first clinical results from the Netherlands were reported in 1998, at the same 
moment as Achenbach. 37 This Dutch study, however, was performed with three
dimensional volume rendering techniques far superior to surface shaded display 
which is not used anymore. 
A drawback of the contrast enhanced EBT coronary angiography was that only 
proximal and mid coronary arteries could be visualized. Breath hold time and the 
single slice acquisition per heart cycle limited the volume that could be scanned 
after one contrast bolus. Also spatial resolution was limited, allowing only reliable 
evaluation of arteries with lumen larger than 2 mm in diameter. 
With the introduction of multi-detector CT (MDCT) in 1998, non-invasive car
diac imaging entered a new era. The first MDCT with 4-slice detector allowed 
for non-invasive coronary angiography within a single breath hold (30-40 s) by 
using a rotation speed of 0.5 s and retrospective ECG gating. In 2001, the first 
clinical results were published in the Lancet by Nieman and colleagues showing 
good results. 50 The overall accuracy for assessable segments showed a sensitivity 
of 81 % and a specificity of 97%. Misinterpretations in their study were mainly 
the result of severe calcifications in the coronary vessel. 
From 1998 to 2006 there has been an exponential growth in the number of slices 
in MDCT scanners. From 4-slice detectors to 8, 16, 32, and 64-slice detectors. 
With increasing number of slices a reduction in slice thickness and increase in 
rotation speed has been established, improving spatial resolution and temporal 
resolution, respectively. But developments went even further. In 2006 the first 
dual-source CT was installed in the world, incorporating two x-ray tubes and 
two 64-slice detectors at approximately 90 degrees. A year later followed by the 
first presentation of the 320-slice dynamic volume scanner covering 16 cm in one 
rotation, which has been installed in the beginning of 2008. 
In many studies50-61 the diagnostic accuracy of contrast-enhanced MDCT for 
non-invasive detection of coronary artery stenosis has been evaluated. In these 
studies stenosis detection with MDCT was compared to CAG as gold standard. 
The diagnostic accuracy of MDCT has been evaluated in different patient groups 
and on different diagnostic levels such as patient, vessel, and vessel segment level. 
Evaluation of coronary calcification is feasible with MDCT as is visualization of 
intraluminal thrombus.62 Other plaque components have been evaluated with 
MDCT but showed less accurate results due to the overlapping attenuation val
ues and limited spatial resolution. 8, 33 , 63 
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Not only has the hardware, i .e .  the MDCT scanners, seen a remarkable de
velopment, also post-processing techniques have been designed and implemented 
progressively. Software tools have been designed to facilitate non-invasive coro
nary artery evaluation. At the time of introduction the heart and coronary vessels 
could only be visualized in axial slices on EBT. In 1998, the first study evaluating 
the use of three-dimensional reconstructions for stenosis and occlusion detection 
was published.49 Two years later, the first images and movies could be made 
of coronary fly-through using volume-rendering software on EBT data and were 
proposed as an alternative way of non-invasive evaluation of coronary arteries. 64 

The creation of a " true" three-dimensional view of the vessel lumen eliminated 
the time consuming segmentation of overlapping obscuring anatomical structures 
which had to be performed by hand. This technique was attempted with good 
results in high image quality scans. The drawback, however, was that only 25% of 
the available patient data was eligible. The software tools were at first , time con
suming because many manual handling still had to be performed and these tools 
also did not show a benefit for clinical use. With the latest software tools avail
able the heart and coronary vessels are extracted automatically and even labeling 
the coronary arteries correctly. Stenoses are nowadays detected with minimal 
user interaction and stenosis quantification and plaque analysis are available. At 
this point it is impossible to describe all technical details and clinical results of 
all scanners and software applications individually. This section is therefore re
stricted to describing the latest developments only. 

The visualization of the coronary arteries with Magnetic Resonance Imaging 
(MRI) was depending on the development of high power gradient MR systems. 
With the first high power gradient MR system Edelman was the first to perform 
a MRA sequence with fat saturation and breath hold to visualize the coronary 
arteries in healthy human subjects.65 Manning and Edelman also published the 
first clinical results with coronary MRA in comparison to CAG.66 In their study 
in 39 patients scheduled for elective cardiac catheterization, the sensitivity and 
specificity of MR coronary angiography for the detection of vessels with a stenosis 
:2: 50% were 90% and 92%, respectively.66 The same year, Pennell showed in a 
clinical study including 26 patients that all five occluded coronary arteries and 
three occluded vein grafts could be identified. 67 

In addition to the visualization of coronary artery stenosis MRI can also be used 
to measure blood flow and perform functional analysis of the myocardium. Also 
evaluation of coronary plaque has been attempted, because of the high natural 
discriminative power of MRI. 68 It has been demonstrated that visualization of the 
vessel wall with MR using black blood MR techniques and high spatial resolution 
and fast data acquisition imaging is possible. 68 Further studies to visualize dif
ferent components of plaque are still hampered by the limited spatial resolution 
of MRI.68 
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In this thesis MDCT is evaluated for the non-invasive visualization and detec
tion of coronary artery stenosis. For a diagnostic test to be introduced in clinical 
practise it should, however, provide the correct diagnosis on a patient level. In 
chapter 2, the existing evidence of the diagnostic accuracy of MDCT in the detec
tion of coronary artery stenosis in patients suspected of CAG was evaluated. In 
this well defined patient group the focus was primarily on the accuracy of ruling 
out coronary artery disease on a patient level. In chapter 3 the potential of a dual 
source CT based therapy advice was evaluated. 
The second part of this thesis focuses on patients after coronary artery bypass 
graft ( CABG) surgery. Many patients experience recurrent symptoms of angina 
after CABG surgery. These symptoms can be caused by graft dysfunction or 
progression of the atherosclerotic disease affecting non-bypassed native coronary 
arteries. Other diseases, such as gastric ulcers, symptomatic cholecystolithiasis 
and musculoskeletal complaints can give atypical chest pain and could mimic coro
nary symptoms, which should be kept in mind and ruled out. 
CABGs show less movement during a cardiac cycle and have larger diameters 
compared to native coronary arteries, which makes them easier to examine non
invasively. Besides MDCT, MRI has been used to non-invasively visualize the 
coronary arteries and bypass grafts. In chapter 4 the existing evidence of non
invasive evaluation of CABG using MRI and MDCT is evaluated and compared. 
The potential benefits of MDCT prior to CAG in symptomatic post-CABG pa
tients are explored in chapter 5. 
The last part of this thesis describes some technical aspects of non-invasive coro
nary imaging using phantom data. In chapter 6 differences in image quality on 
heart rate between 64-detector row single source and dual source MDCT have 
been compared. Different available software packages have been evaluated for 
their accuracy of stenosis quantification in chapter 7. 
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Chapter 2 

Abstract 

The aim of this meta-analysis was to calculate the sensitivity of contrast-enhanced 
multi-detector computed tomography (MDCT) compared with coronary angiog
raphy ( CAG) in incident patients suspected of coronary artery disease (CAD). 
We searched PubMed, Embase, bibliographies of original papers and reviews to 
identify original papers including 2:: 20 patients . Two independent reviewers se
lected papers and judged eligible papers on quality. Heterogeneity was assessed 
and homogeneous subgroups were pooled. Of the 15 included studies, ten pro
vided moderately homogeneous patient-based analysis with absolute diagnostic 
numbers (n= 630 patients) . Pooled sensitivity was 89% (95% confidence interval: 
85 92%) . Scanners with a 16-slice detector (n= 4) had higher sensitivities (pooled 
sensitivity: 91 % ) than 4-slice detector scanners (n= 6; pooling not possible due to 
heterogeneity). Seven studies reported sensitivity for a proximal stenosis, but dif
ferent definitions were used making pooling impossible; sensitivities ranged from 
75 to 100%. The sensitivity of 4-slice and 16-slice detector MDCT is not suffi
cient to rule out any stenosis in patients suspected of CAD. No conclusions can be 
drawn with respect to the sensitivity for clinically relevant or proximal stenoses. 
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Introduction 

Since the introduction of non-invasive cardiac imaging through contrast-enhanced 
multi-detector computed tomography (MDCT) in 1998 a large number of studies 
have evaluated the diagnostic accuracy of this modality to detect coronary artery 
disease (CAD). While the earlier scanner types used 4-slice detectors, 64-slice 
detector systems are now available with increased spatial and temporal resolution, 
leading to better image quality and shorter scanning times. Coronary angiography 
( CAG) is the standard of reference for the diagnosis of CAD, especially since 
it is both diagnostic and therapeutic in patients.1 However a fairly low but 
not negligible risk of morbidity and mortality is associated with this invasive 
procedure.2 In the United States about two thirds of CAGs are purely diagnostic,3 

and 20% are negative in that no significant stenosis requiring revascularization is 
found.4 If a less expensive non-invasive alternative could preselect those negative 
patients, an estimated 290,000 yearly invasive diagnostic procedures ( estimated 
cost: 5.2-billion dollars in the US) would be prevented.3 

The aim of this systematic review was therefore to combine the existing evidence of 
the sensitivity of MDCT in the detection of CAD compared with CAG in incident 
patients suspected of CAD. Primary outcome was sensitivity on a patient level, 
while the secondary outcome was sensitivity for clinically relevant stenoses, and 
stenoses in proximal segments. 

Materials and methods 

Literature review 

A computerized search was performed to identify relevant papers published from 
January 1, 2000 through July 31, 2005 in ]\IIedline and Embase. With the assis
tance of a librarian, the following strategy was undertaken in lVIedline: "tomo
graphy, X-ray computed" [Mesh term] AND "coronary disease" [Mesh term] AND 
"angiography" [text word] , combined with the diagnostic filter specified in PubMed 
under clinical queries (broad search). The search was limited to papers concerning 
humans and papers with abstracts. In Embase we used:" computed tomography" 
AND "coronary disease/diagnosis" (in DEM) AND " angiography" AND " article" 
(document type) AND "journal" (publication type). Two reviewers (HvdZ, RD) 
independently cross-referenced bibliographies in all original manuscripts and nar
rative reviews and editorials on the subject for any papers not identified by the 
electronic search. 
All languages were considered. If the paper was in a language other than En
glish, German or French, the paper was officially translated. The complete search 
yielded 362 papers (figure 2.1). 
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Search result: n = 362 (265 Pubmed; 
94 Embase; 3 from bibliographies) 

..... Excluded based on title and abstract: n = 29 1 ..... 

Papers retrieved for more 
detailed evaluation (n = 61 )  

Excluded (n = 41 )  
- study focus on evaluation protocol (n = 2 )  

..... - insufficient information about patient population (n = 1 )  
..... - heterogeneous patient population, including patients with previous 

cardiac revascularizations (stents, bypasses) (n = 37 )  
- separate analysis for patients without previous interventions given 

but population <20 (n  = 1 )  

Selection based o n  full paper (n  = 20) 

Excluded (n = 5)  ..... .... - duplicate publications on (parts of) same patients (n = 3 )  
- 2 x 2 tables could not  be deducted (n = 2 )  

I ncluded in  the  review (n  = 15)  

Figure 2.1: Flow chart of search results 

Eligibility criteria 

We searched for studies assessing the value of MDCT in incident patients sus
pected of CAD; if a study included patients with a cardiac history ( comprising 
percutaneous coronary interventions (PCI), stent implantation or bypass implan
tation) the study was eligible if it provided separate patient-based analysis of 
patients without any of these interventions ( to avoid spectrum bias and to in
crease generalisability of results). Papers were, furthermore, included if (1) all 
patients underwent CAG as a reference standard ( to avoid partial verification 
bias or referral bias); and (2) absolute numbers of cases were reported or at least 
2x2 tables could be deducted; if diagnostic accuracy was reported but absolute 
numbers were not, the corresponding author was contacted and the study was 
included if the absolute numbers were provided. Studies were excluded if (1) less 
than 20 patients were included, as smaller studies are more likely to suffer from 
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selection bias;5 (2) multiple reports were published on the same study population 
(in this case the publication with the largest study group was included in the 
analysis; in case of doubt about duplicate publications the primary author was 
contacted) ; (3) the primary aim of the study was the evaluation of a technical/ 
post-processing protocol; or if ( 4) the article was a review or editorial. 

Data collection and quality assessment 

Two reviewers (HvdZ, RD) independently selected papers based on title and ab
stract; if one of both reviewers considered the study potentially eligible, the full 
paper was evaluated by both reviewers (n= 61, of which one Japanese paper 
was officially translated). Study quality was assessed independently by the same 
two observers using the QUADAS tool;6 disagreement was resolved by arbitra
tion. This evidence based tool was developed specifically to assess the quality of 
diagnostic accuracy studies and includes 14 quality items. The following study de
scriptives were extracted: population descriptives (age, male/female ratio, preva
lence of disease), study design, type of CT scanner used, rotation times, heart 
rate during scan, number of unevaluable patients, vessels and segments, type of 
analysis (per segment, vessel or patient) , and diagnostic accuracy numbers ( true 
positives, false positives, true negatives and false negatives). In case the original 
paper did not provide enough information to be included in the meta-analysis the 
primary investigator was contacted for more detailed information. 

Study selection 

Twenty papers fulfilled our inclusion criteria; they were all in the English lan
guage. 7-25 Three of these 20 papers appeared to be duplicate publications on 
(parts of) the same patient population. 23, 25 , 26 In eight of the remaining 17 pa
pers the reported absolute numbers and diagnostic accuracy figures in text and 
tables were not in correspondence, or 2x2 tables could not be deducted and cor
responding authors were contacted to explain.8' 9, l l , 13, 16, 17, 19, 24 Five authors 
responded and provided the necessary data; of the three other studies, we ex
cluded one study in which patient-based sensitivity was reported but the absolute 
numbers could not be obtained; 19 we also excluded a study because it reported 
sensitivity based on 50% luminal narrowing, and specificity based on 75% nar
rowing, prohibiting the formation of a 2x2 table;8 from the third study we used 
the data as presented in the table as opposed to the data presented in the text.13 

This resulted in 15 papers included in this meta-analysis. 

Statistical analysis 

Primary outcome of this meta-analysis was sensitivity at the patient level; sec
ondary outcomes were clinically relevant stenosis detection, defined as a stenosis 
that needs therapeutic intervention ( either PCI or coronary artery bypass graft
ing), and stenosis detection in proximal segments. 
Individual study sensitivities with 95% confidence intervals (CI) were plotted to 
identify heterogeneity between studies. Because pooling assumes that there is one 
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" true" underlying sensitivity of MDCT, for which studies should only differ by 
chance factors, large differences in sensitivity across studies ( called heterogene
ity) would contradict with this assumption and hence prohibit pooling of data. 
Heterogeneity was tested using the Higgins and Thompson test, calculating the 
12 statistic.27 This statistic uses the conventional Cochran's Q statistic to cal
culate the percentage of total variation across studies that can be attributed to 
inter-study heterogeneity, ranging from O (no heterogeneity) to 100% (all variance 
due to heterogeneity). In contrast to Cochran's Q, the 12 is less affected by the 
number of studies included in a meta-analysis. 27 If no or moderate heterogeneity 
is found (J2 � 50%) pooling is justified. Pooling was performed by weighing the 
individual sensitivities by sample size. 
The presence of publication bias was visually assessed by producing a funnel plot, 
and was tested with Egger's test.28 The funnel plot was produced by combining 
the sensitivity and specificity of each study into the diagnostic odds ratio (DOR), 
taking the natural logarithm of the DOR (LnOR), and plotting this LnOR against 
the standard error of the LnOR. A larger LnOR indicates better diagnostic per
formance of a test; a larger standard error of the LnOR indicates the size of the 
study, with small studies having a large standard error. Publication bias was 
considered present if there was asymmetry observed in the funnel plot, indicating 
that only the small studies reporting high diagnostic accuracy of MDCT had been 
published, whereas the small studies reporting less diagnostic accuracy had not 
been published. 
Explanations for heterogeneity were analyzed using stratification. Pre-defined 
sources of heterogeneity included methodological features (study design prospec
tive consecutive, prospective non-consecutive and study quality), differences in 
the CT scanning procedure ( type of scanner used, rotation time, stenosis grade 
used) and clinical features ( disease prevalence). 
Finally we used Bayesian statistics to calculate the clinical impact of a negative 
MDCT scan upon different pre-test probabilities of disease using the negative 
likelihood ratio (NLR). The pooled NLR and its 95% CI was calculated using a 
random effects model described by DerSimonain and Laird.29 Post-test probabil
ities were calculated as: pre-test odds x NLR, where the NLR is obtained through 
(1 - sensitivity)/specificity. 
Data were analyzed in Stata SE version 8 .0 (STATA, College Station, Tex.), Win
pepi30 and Meta Disc. 31 

Results 

Study descriptives 

The 15 papers included a total of 944 patients (average 63 patients per study, 
range 27 153) (table 2.1). Three studies used heart frequency as an exclusion 
criteria, either beforehand or during scanning, despite attempts to regulate heart 
rate pharmaceutically and one study did not perform a contrast enhanced MDCT 
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Table 2.1: Study characteristics 

Study (author, ref. , No. of Study Quality Specific population Mean age (SD Male CAD Type of 
year of publication) patients design score characteristics or range) (%) (%) analysis 

Haberl [7] 2005 153 P, C 14 Pts with Agatston 67 ( 10) 62 40 Pt, S 
score < 1 ,000 

Kefer [9] 2005 56 P, C 14 65 ( 10) 79 65 Pt, S 

Gaudi [10] 2005 69 P, n-c 14 Pts with heart 60 (NR) 61 75 Pt, S 
rate <65/min 

La [11] 2005 50 P, C 12 62 ( 1 1 )  80 60 Pt 

Cademartiri [12] 51 NR 12 Pts aged <70 56 ( 1 1 )  90 NR s 
2005 years and heart 

rate <65/min 

Mollet [13] 2005 51 P,  n-c 14 58 (9) 73 61 Pt,  V, S 

Kuettner [14] 2005 72 P, C 13 64 ( 10) 59 50 s 

w Gerber [15] 2005 27 P, n-c 14 66 ( 10) 89 81 V, S CJl 
Fine [16] 2004 50 P, C 13 Pts with positive 58 (6) NR 31* Pt* ,  S � 

nuclear perfusion (1) 

test 2.. 
Hoffmann [17] 33 P, C 14 Pts with positive 60 (7) NR 67 Pt, S s· 

c=;· 
2004 stress test � 
Martuscelli [18] 64 P, n-c 13 Pts with heart 58 (5) 92 67 s < 
2004 rate <70/min � 
Herzog [20] 2004 38 P, C 14 Intermediate 62 (29-65) 79 47 Pt 

(1) 

pretest likelihood t-t-, 

of CAD � 
Ropers [21] 2003 77 P, C 13 58 ( 14) 65 53 Pt, V (1) 

Giesler [22] 2002 100 P, C 13 63 ( 10) 77 NR V 
� 

Nieman [24] 2002 53 P, n-c 13 56 ( 10) 75 74 Pt, S �-
SD standard deviation, NR not reported, P prospective, c consecutive, n-c non-consecutive, Pts patients, Pt patient-based analysis, V vessel/artery-

based analysis, S segment-based analysis, * = absolute numbers at the patient level and prevalence were provided by the corresponding author, 
� 
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scan in patients with an Agatston calcium score higher than 1,000. The per
centage of patients excluded from the analysis due to any reason either before or 
during scanning ranged from 0% to 28% (median 0%) ; in total 897 (95%) patients 
were successfully scanned. The percentage of unevaluable segments ranged from 
0% to 32% (table 2.2) . Median study quality was 13, ranging from 12 to 14; seven 
studies were of maximum quality. Prevalence of CAD ranged from 31 % to 81 % 
( mean 59%). Studies that consecutively enrolled patients reported significantly 
lower prevalence of CAD (n= 8, mean prevalence 52%) than non-consecutive stud
ies (n= 5, mean prevalence 72%; Student's t-test, p= 0.008). 

Assessment of publication bias 

There was evidence for publication bias, as depicted by an asymmetry in the 
funnel plot and a significant Egger's test (p= 0.001). The two smallest studies 
had very high LnORs, indicating that they reported high diagnostic accuracy, 
whereas of the three largest studies two reported a low LnOR. This suggests that 
there may have been more smaller studies that have not been published because 
of low diagnostic accuracy, which may overestimate the results obtained in any 
meta-analysis. 

Exploration of heterogeneity 

Ten papers 7, 9-n,  13, 16, 17, 20, 21 · 24 provided patient-based analysis including 630 
patients. The studies were performed on 4-slice detector (n= 5) and 16-slice de
tector (n= 5) MDCT scanners. Sensitivities ranged from 72% to 100% (figure 
2.2). 
Moderate heterogeneity in sensitivities was observed across the studies (12= 53%). 
Studies including consecutive patients (n= 7) were homogeneous in sensitivity 
rates (12 = 5%; pooled sensitivity= 88%), whereas non-consecutive studies were 
heterogeneous (n= 3, 12 = 85%). Studies with a maximum quality score were het
erogeneous (n= 6; 12 = 60%; sensitivity range: 72-100%) , whereas studies lacking 
one or more quality criteria were more homogeneous (n= 4; 12 = 40%; pooled 
sensitivity 85%). 
All studies except two used 50% stenosis grade as the cut-off for a positive case: 
Herzog et al. used 75% as the cut-off (sensitivity : 72%), and Hoffmann et 
al. evaluated both 50% and 70% luminal narrowing (no difference in sensitiv
ity (86%). 17, 20 
Studies using four-detector scanners (n= 5) were heterogeneous in sensitivities 
(12= 64%, sensitivity range: 72 96%), whereas studies using 16-detector scan
ners (n= 5) were homogeneous (12= 28%;  pooled sensitivity: 92%). There was a 
relation between rotation time and sensitivity ( correlation coefficient r= -0.4 7). 
Studies with lower prevalence of disease (::; 60%; n= 5) were homogeneous in 
reported sensitivity rates (12 = 15%; pooled sensitivity: 87%), whereas those in
cluding more diseased patients (n= 5) were more heterogeneous (12= 74%) . 
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Table 2.2: Study details 

Study Stenosis Type of CT Heart rate Time between Smallest diameter % Unevaluable Sensitivity 
grade (%) scanner (mean) tests (days) of evaluated sgmts Pt, V, S Pt, V, S 

(mm) 

Haberl [7] 50 4-slice 67 0-14 NR 13, NR, 26 89, NR, 91* 
Kefer [9] 50 16-slice 62 0-30 1 .5  2 ,  NR,  1 94, NR, 79 
Gaudio [10] 50 4-slice NR 1-3 1 .5  12 ,  0 ,  0 96, NR, 77 
Lau [11]  50 4-slice 62 0-3 2.0 0 ,  NR, 15 93, NR, NR 
Cademartiri 50 16-slice 55 0-- 7 2.0 28, NR, NR NR, NR, 96* 
[12] 
Mollet [13] 50 16-slice 57 0-14 2.0 NR, NR, NR 100, 96* , 95* 
Kuettner 50 16-slice 64 NR All sgmts 0, 0, 7 NR, NR, 82 

vj [14] 
Gerber [15] 50 4-slice 60 m: 5 1 .5 0, 0, 0 NR, 92, 79 1-3 
Fine [16] 50 16-slice NR 0-7 1 .5  2 ,  NR,  NR 93 ,  NR,  87* ('1) 

Hoffmann 50/70 16-slice NR 0-1 All sgmts 0, NR, 17 86/86, NR, Q.. 

[17] 63/67 s· 
1=5· 

Martuscelli 70 16-slice 59 m: 20 1 .5  5 , NR, 16 NR, NR, 78 � 
[18] 
Herzog [20] 75 4-slice NR 7-23, m: 17 All sgmts 0, NR, 32 72 , NR, NR 

('1) 

Ropers [21] 50 16-slice 62 0-1 1 .5  0 ,  12 ,  NR 85, 73, NR 
Giesler [22] 70 4-slice 69 1-3 2 .0 0 ,  29, NR NR, 49, NR l;l' 

Nieman [24] 50 4-slice 68 M: 10 2.0 0, NR, 30 74, NR, 61 

NR not reported, sgmts segments, Pt patient-based analysis, V vessel/artery-based analysis, S segment-based analysis, m mean, M median <" 

* = Sensitivities including only the evaluable vessels/segments; otherwise, if provided, sensitivities of all units of analysis are reported 
assuming non-evaluable units were negative on MDCT 
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Pooled patient-based sensitivity 
Overall pooled sensitivity of ten studies was 89% (95% CI: 85 92%). The pooled 
NLR was 0.16 (0.10 0.26) (figure 2.3). The change in pre-test probability of dis
ease to post-test probability of disease with a negative MDCT is depicted in figure 
2.4. A negative MDCT scan decreases the likelihood of disease from 40% to 9.6% 
(6 .3-14.8%) and from 60% to 19.4% (13.0 28.1%). 

Sensitivity for clinically relevant stenoses 
Only one study reported the diagnostic accuracy of MDCT for detecting clinically 
relevant stenoses, i.e. those requiring revascularization: Haberl et al. stated that 
out of six patients with stenoses missed by MDCT only two required revascular
ization; they did not report enough data to calculate the sensitivity for clinically 
relevant stenoses. 7 

Sensitivity for proximal stenoses 
Seven papers reported the sensitivity of MDCT for stenosis detection in proximal 
segments (table 2.3).9 , 10 , 12, 14, 17, 18, 24 Sensitivities ranged from 75% to 100%, 
but different segments were considered as proximal, making direct comparisons 
and pooling impossible. One study reported the sensitivity for stenosis detection 
in segments 1, 5 and 6 (92%),24 and three studies combined segments 1, 5, 6 and 
11 ( sensitivity 88-92%) . 1 0, 12, 14 The other studies either did not mention the 
segments they combined, or used more or other segments. One study reported 
both lesion based and patient based sensitivity for stenosis detection in proximal 
segments (82% and 89%, respectively).17 

Discussion 

This meta-analysis shows that contrast-enhanced MDCT using 4-slice or 16-slice 
detectors is not sufficiently sensitive to rule out CAD. The pooled sensitivity, 
calculated from 630 incident patients, was 89% (85 92%) for any stenosis. Up to 
28% of patients could not be scanned and up to 32% of all segments could not be 
evaluated due to inadequate image quality. The sensitivity of MDCT for clinically 
relevant stenoses or proximal stenoses could not be pooled due to heterogeneity. 
This is the first meta-analysis concerning the diagnostic performance of MDCT 
in a homogeneous patient population with an intermediate pretest probability of 
disease. In the past 3 years a high number of informative reviews and editorials 
have been written on the subject by authors from the fields of cardiology and 
radiology.32-

39 The reviews reported diagnostic accuracy results at the level of 
coronary segments. A recent editorial pointed out that accuracy analyzed by 
segments often leads to biased results.40 More importantly, for clinical practice 
the value of a test that correctly diagnoses patients, not segments , is relevant. 

38 



The clinical value of a negative MDCT 

Hoffmann et al. [1 7) 
------.-----,.--.,......-..,....---i-----.' I Herzog et al. (20) 

_._-�--+-I �: -Hl e--1 Fine et al. (1 6) 

Sensitivity (95% Cl ) 

0,86 (0.65 - 0,97) 
0,72 [0,47 - 0,90) 
0,93 (0,68 · 1 .00) 
0,93 (0, 78 - 0,99) 
1 ,00 (0,89 - 1 ,00) 
0,7 4 (0,58 · 0,87) 
0,94 (0,80 · 0,99) 
0,96 (0,85 · 0,99) 
0.85 [0,71 - 0,94) 
0,89 (0,77 · 0,96) 

0,4 0, 
Sensitivity 

' : ' • Lau et al. (1 1 l 
I �• �- Mollet et al (1 3) 

, 1 : 1 Nieman et al.(24) 
.____.__, .---•- Kefer et al.[9) 

! I • Gaudio et ai.[1 0) 
----,,-----<-r-r-- Ropers et al [21 ) 

I •: I Haberl et al.(7) 

: I 

� Pooled Sensitivity = 0,89 (0.85 to 0,92) 

0,8 

Figure 2.2 :  Patient-based sensitivities from individual studies sorted by ascending 
study size 

Table 2 .3 :  Sensitivity of MDCT for significant stenosis 

Study Segments* Sensitivity for Sensitivity for 
proximal segments any segment** 

Kefer [9] NR 25/30 (83%) 79% 
Gaudio [10] 1 ,  5 ,  6, 1 1  46/52 (88%) 77% 
Cademartiri [12] 1 ,  5 ,  6, 1 1  34/37 (92%) 96% 
Kuettner [14] 1 ,  5 ,  6, 1 1  23/26 (88%) 82% 
Hoffmann [17] 1, 2, 5-7, 1 1 ,  13 2:: 50% stenosis: 

27 /33 (82%) 63% 
2:: 70% stenosis: 
25/28 (89%) 67% 

Martuscelli [18] 1 ,  12 ,  18 20/20 (100%) 78% 
Nieman [24] 1 ,  5, 6 25/27 (92%) 61% 

* = According to  the American Heart Association ** = Sensitivity at  the segment level 
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Source 

Hoffmann et al (1 7) 

Herzog et al . (20) 

Fine et al ( 1 6) 
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Mollet et al ( 1 3) 
■ 
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■ 
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Figure 2.3:  Negative likelihood ratios (NLRs) of individual studies sorted by 
ascending study size. The size of each square is proportional to the precision of 
the estimate (number of patients, number of events, and variance) . The dashed 
vertical line represents the overall negative likelihood ratio of 0. 16. A smaller 
NLR represents better discrimination of a negative test between patients with 
and without the disease 
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with 95% Cls 
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Also, not all encountered coronary stenoses need revascularization. An earlier 
review that claimed to be systematic reported an overall sensitivity of spiral CT 
of 59%.41 However, the review pooled studies from both incident and prevalent 
patients, leading to a higher overall disease prevalence than can be expected in 
the target population for whom the results will be clinically relevant. Often we 
observe a higher sensitivity of a test in populations with higher prevalence of dis
ease. This was also observed in our study. Furthermore, the review by Budoff et 
al. also lacked current requirements for reporting of a systematic review, namely 
a transparent description of the identification, appraisal and inclusion of studies, 
in addition to suffering from serious methodological weaknesses like the pool
ing of sensitivities at different units of analysis (i.e. segment, vessel and patient 
based). 41 Therefore a high quality meta-analysis was needed to systematically 
summaries the available literature on the patient based sensitivity of MDCT. 
The results of MDCT, however, are somewhat disappointing compared with the 
promising literature. A first explanation could be that a relatively low number 
of papers fulfilled our inclusion criteria. Many papers describing the diagnostic 
accuracy of MDCT included both incident and prevalent patients and therefore 
had to be excluded (n= 35). As Christian explained in his editorial, it is crucial 
that a test is studied in the population to which the test will be applied.40 The 
prevalence of CAD was very high in the excluded papers ( up to 100%), where it 
is most likely that the value of MDCT will be initially in incident patient groups 
with a much lower prevalence. Additionally, the diagnosis of in-stent stenosis and 
stenosis in bypasses is different from detecting stenosis in native vessels, and this 
should not be combined. 
We, therefore, chose to include only studies with incident patients, which resulted 
in 15 eligible papers, of which ten provided patient based sensitivities. Because 
the other papers only provided segment-based sensitivities, we cannot exclude 
that the patient-based sensitivities in these papers was higher than the sensitiv
ities reported in the papers that were included in this meta-analysis, and thus 
that the overall sensitivity is higher. An explanation for our disappointing results 
could be that the promising figures from the literature were heterogeneous with 
respect to patient population and type of analysis, and that homogeneous studies 
report lower diagnostic rates. This has been observed in other fields, such as the 
diagnosis of pulmonary embolism. 
A second explanation is the advancements in CT systems. Our analysis includes 
four studies using a 4-slice detector MDCT scanner; the lowest sensitivities we 
found (72% and 74%) were in studies using this modality, whereas studies us
ing 16-slice detector systems reported higher sensitivities (92% versus the overall 
sensitivity of 89%). Pooling of the different systems therefore undermines the 
sensitivity of the newer generation scanners. Although the overall sensitivity of 
MDCT is not sufficient to be a reliable alternative to CAG, we can affirm the 
claim that the newer systems perform better. 
Another reason why we cannot conclude that MDCT can replace the diagnostic 
CAG is that the clinical value of MDCT can only be appreciated in combination 
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with the consequences of diagnosis. As previously mentioned, not all stenoses 
encountered need revascularization. We know of only one study that reported the 
sensitivity of MDCT for stenoses requiring revascularization (94%) , while the sen
sitivity for detecting any stenosis in that particular study was 88%. 8 This study 
was, however, not included in our meta-analysis because a reliable 2x2 table could 
not be obtained. Stenotic lesions in proximal segments often require treatment. 
Seven studies reported the sensitivity of MDCT for detecting stenoses in these 
segments (range: 75-100%) , but different definitions about what constitutes prox
imal segments were used, making pooling of these sensitivities impossible. When 
comparing the sensitivities in proximal segments in these studies with the overall 
segment-based sensitivities, MDCT performed better proximally in all but one 
of the studies. However, sensitivities at the segment level should be interpreted 
with caution, and only one study reported the sensitivity of MDCT in proximal 
segments at the patient level (86%)17 

We acknowledge that our meta-analysis has some limitations. A threat to the 
validity of any meta-analysis is publication bias. Smaller studies, and especially 
those with negative results, are less likely to be accepted for publication than 
larger studies, leading to an overestimation of the diagnostic accuracy of a test 
when combining only published reports. Our analysis are strongly suggestive of 
publication bias, making the pooled sensitivity of 89% a potential overestimation 
of the true sensitivity had all studies in this field been published. 
Another point of discussion is the quickly developing field of the MDCT scan
ners. 42 We confirm the claim that more advanced scanners perform better than 
4-slice detector systems. However, while writing this paper we know of at least 
two new papers that have been published since July 31st describing the diag
nostic accuracy of 64-slice detector MDCT scanners.43

• 
44 Although they report 

high sensitivities (90% and 100%) ,  a large proportion of patients ( 17% and 26%) 
could not be scanned, which increases the diagnostic accuracy but decreases the 
potential to generalize the results to practice. An update of this analysis should, 
therefore, be conducted in the future. We hope that by then more high quality 
studies in consecutive incident patients using 16-slice of 64-slice detector scanners 
will have been executed, reporting patient based analysis and including in the 
analysis the clinical outcome of the diagnosis. Only those studies provide the nec
essary information to give a systematic answer to the question whether MDCT is 
sufficiently sensitive to replace diagnostic CAGs in practice. 
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Abstract 

Therapy advice based on dual-source computed tomography (DSCT) in compari
son with coronary angiography ( CAG) was investigated and the results evaluated 
after 1-year follow-up. Thirty-three consecutive patients (mean age 61.9 years) un
derwent DSCT and CAG and were evaluated independently. In an expert reading 
( the "gold standard"), CAG and DSCT examinations were evaluated simultane
ously by an experienced radiologist and cardiologist. Based on the presence of 
significant stenosis and current guidelines, therapy advice was given by all read
ers blinded from the results of other readings and clinical information. Patients 
were treated based on a multidisciplinary team evaluation including all clinical 
information. In comparison with the gold standard, CAG had a higher specificity 
(91%) and positive predictive value (95%) compared with DSCT (82% and 91%, 
respectively). DSCT had a higher sensitivity (96%) and negative predictive value 
(89%) compared with CAG (91% and 83%, respectively) .  The DSCT-based ther
apy advice did not lead to any patient being denied the revascularization they 
needed according to the multidisciplinary team evaluation. During follow-up, two 
patients needed additional revascularization. The high negative predictive value 
for DSCT for revasculariza,tion assessment indicates that DSCT could be safely 
used to select patients benefiting from medical therapy only. 
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Introduction 

High diagnostic accuracy of multi-detector computed tomography (MDCT) has 
been assessed in comparison with coronary angiography ( CAG) ( the "gold stan
dard" ) for coronary artery stenosis by several recent studies. 1-6 

The recently introduced dual-source CT (DSCT) has improved temporal resolu
tion, which results in a high image quality of the distal segments even in patients 
with a heart rate above 80 beats per minute (bpm) .7-9 Now, in several studies, 
the potential diagnostic impact of coronary CT angiography has been investigated 
to see whether it can surpass diagnostic CAG in the near future. 10' 1 1 This de
velopment has important implications for patients with coronary artery disease, 
especially for the assessment of a correct treatment strategy, which is currently 
based on CAG findings.12-14 The therapy can be percutaneous coronary interven
tion (PCI) , coronary artery bypass graft (CABG) surgery or medical management . 
However, the decision for therapy choice depends not only on the number of dis
eased coronary arteries but , even more importantly, on which coronary artery 
is diseased.12-14 For example, a left main stenosis will be treated with CABG 
surgery but a single stenosis in the proximal right coronary artery will be suffi
ciently treated with PCI. Distal branches smaller than 2 mm in diameter will in 
general not be treated with stent placement or CABG surgery, since they are too 
small. Therefore, the diagnostic accuracy of stenosis detection on a segment level 
does not reflect the clinical impact of DSCT for treatment advice. 
The purpose of this study was to investigate the potential of therapy advice based 
on DSCT in comparison with CAG and to evaluate the results after I-year follow
up. 

Materials and methods 

Patients 

Consecutive patients scheduled for diagnostic CAG or elective PCI were included 
in this study from April 24th 2006 till September 1st 2006. The study protocol 
was approved by the ethics committee of the hospital and informed consent was 
obtained from all patients before the examinations. Exclusion criteria were: previ
ous reaction to iodine contrast media, hyperthyroidism, severe renal insufficiency 
( creatine levels > 120 µmol/1) , atrial fibrillation, unstable clinical condition, in
ability to follow breath-hold commands, previous coronary intervention or bypass 
surgery. All patients underwent both DSCT and CAG. 

DSCT 

Coronary CT angiography was performed on a DSCT system (Somatom Defi
nition, Siemens Medical Systems, Forchheim, Germany) . All patients received 
nitroglycerine spray (Nitrolingual pump spray, 0.4 mg/ dose, PohlBoskamp) but 
no additional beta-blockers were administrated in preparation of the scan. Mean 
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heart rate during CT was 60 (±13) bpm, range 40-90 bpm. A retrospective ECG
triggered CT data acquisition was made with a gantry rotation time of 0.33 s, 
a tube current of 412 mAs/rotation and a tube voltage of 120 kV. ECG pulsing 
window was set to 20-70% of the RR-interval and was used for all patients. The 
pitch was automatically adapted to the heart rate (range 0.2 0.5) . Direction of 
data acquisition was craniocaudal starting above the coronary ostia and ending 
at the diaphragm below all cardiac structures. For contrast enhancement, 73 ml 
of non-ionic contrast agent (Iomeprol 400 mg I/ml; Iomeron 400, Bracco, Italy) 
was injected in an antecubital vein followed by a saline bolus using bolus tracking 
with a region of interest (ROI) in the descending aorta for timing. 
Images were reconstructed with 0.6 mm slice thickness and 0.4 mm increment 
after selecting the cardiac phase for each coronary artery showing the least ap
parent motion. The calculated mean effective radiation dose based on the used 
scan protocol was 7.3 mSv.15 

GAG procedure 

CAG, with or without stent placement, was performed using the standard pro
cedure via the femoral or radial artery. All cine-runs were stored on a disk for 
off-line evaluation. 

Treatment 

Patients were treated by cardiologists not involved in the current study. Treat
ment was based on the current guidelines using the CAG for stenosis evalua
tion.12 14 Furthermore, the patient's physical condition and medical history were 
also taken into account during a multidisciplinary meeting with at least a cardiol
ogist, an interventional cardiologist and a thoracic surgeon, deciding on the best 
treatment for every individual patient. All patients were followed for at least 1 
year for the occurrence of recurrent angina, cardiac events or mortality. 

Data evaluation 

Both a senior reader ( 2 years' experience for coronary CT angiography and at least 
5 years' experience for CAG) and a junior reader (with little experience for coro
nary CT angiography and CAG) evaluated the images. All readers were blinded 
from the results of other readers and from patients medical history and clinical 
follow-up. A significant stenosis was defined as an area stenosis of > 75% on DSCT 
using dedicated cardiac software ( Circulation, Siemens, Forchheim, Germany) . A 
significant stenosis on CAG was defined as a diameter stenosis of >50% by visual 
assessment. 
Based on the evaluation of the images, therapy advice was given. In a second 
reading, the junior and senior reader of DSCT and CAG, respectively, read the 
DSCT and CAG examinations in consensus . 
The therapy advice of the different readers was compared with the actual treat
ment given to the patients based on the multidisciplinary meeting and compared 
with an expert reading. The expert reading was performed blinded from the 
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other readings. In a joint session, an experienced interventional cardiologist and 
an experienced cardiac radiologist evaluated simultaneously the CAG and DSCT 
examination. Advice about therapy was given based on the guidelines after con
sensus was reached between both readers.12-14 The expert reading was used as 
the gold standard because it was performed blinded from the patients medical 
history and clinical follow-up comparable with the other readers. 

Therapy advice 
Therapy advice could consist of medical management, PCI and CABG, and was 
based on the recent guidelines of the American College of Cardiology and Amer
ican Heart Association and European Society of Cardiology.12-14 Medical man
agement was advised in case of non-significant stenosis. CABG was advised when 
there was (1) a significant obstruction of the left main, (2) three-vessel disease 
(i.e. three different coronary vessels with a significant stenosis) , or (3) two-vessel 
disease (i.e. two different coronary vessels with a significant stenosis) including 
a proximal LAD stenosis. PCI was advised in all other cases of single- and two
vessel disease. 
Afterwards, patients were grouped for diagnostic accuracy assessment in needing 
revascularization or not needing revascularization based on the given therapy ad
vice. 

Follow-up 

All patients were followed for at least 1 year. Patients were seen at least once 
by the cardiologist at the out-patient clinic after the CAG procedure. Medical 
records were evaluated for any adverse cardiac events of mortality. 

Statistical analysis 
Non-assessable segments were considered free of any stenosis for all readers and 
for both modalities. Kappa values were calculated for agreement in therapy ad
vice. Kappa values between 0 and 0.40 were considered poor, 0.41-0.60 moderate, 
0.61-0.80 good and >0.81 excellent. 16 For the diagnostic accuracy of predicting 
revascularization, the sensitivity specificity, positive predictive value (PPV) and 
negative predictive value (NPV) were calculated. Continuous data are expressed 
as mean ± standard deviation (SD). The median and range were given for skewed 
data. 

Results 

Thirty-three consecutive patients were included in the study with a mean age 
61.9 years and a male predominance (82%). Table 3.1 lists the prevalence of 
risk factors in the included patients. All 33 patients could be evaluated on both 
modalities and by all observers. Based on the multidisciplinary team evaluation 
patients were treated as follows; 17 patients underwent medical management, ten 
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Table 3. 1: Patient characteristics 

Mean age (±SD) 
Male 
Risk factors: 
Smoking 
Hypercholesterolemia 
Familial predisposition 
Hypertension 
Diabetes mellitus 

Number of patients (%) 

61.9 (±10.3) 
27 (82) 

11 (33) 
11 (33) 
10 (30) 
9 (27) 
6 (18) 

patients underwent PCI, and six patients underwent CABG surgery. 

Treatment based on the multidisciplinazy team evaluation 

The overall agreement for therapy advice of the individual readers compared with 
the multidisciplinary team evaluation was moderate to good (table 3.2). The 
agreement of the expert reading compared with the actual treatment was moder
ate (kappa 0.59) . 
The discrepancies in therapy advice between the expert reading and the treatment 
based on the multidisciplinary team evaluation are explained as follows: two pa
tients who needed PCI treatment based on CAG and DSCT during the expert 
reading were treated with medical therapy since collateral flow was present. The 
presence of collateral flow was not evaluated by the CAG observers and could not 
be seen on DSCT. Four patients needing CABG surgery according to the expert 
reading were treated with medical therapy ( two patients) and with PCI ( the two 
other patients) . No revascularization options in the first two mentioned patients 
were available and a limited physical condition in the latter two mentioned pa
tients was present. 
Three false positive findings of the expert reading could not be explained by the 
lack of clinical information. Two of three patients were incorrectly diagnosed 
as having a significant stenosis in the proximal left circumflex artery (LCx) and 
distal LCx, respectively. One other false positive finding of a significant stenosis 
in the proximal left anterior descending artery (LAD) resulted in an incorrect 
CABG advice. This patient was treated with PCI instead. However, 5 months 
later CABG surgery was performed since symptoms persisted (patient 3). This 
last finding could, therefore, be seen as a false negative finding of the multidisci
plinary team evaluation rather than a false positive finding by the expert reading. 
No false negative findings were observed for the expert reading in comparison 
with the treatment based on the multidisciplinary team evaluation. There were 
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Table 3.2: Agreement in therapy advice 

Reader Expert Multidisciplinary team 

Kappa value 95% CI Kappa value 95% CI 

CAG junior 0.67 0.48-0.87 0 .54 0.30-0.77 
CAG senior 0.82 0.70 0.97 0.68 0.49-0.88 
CAG consensus 0.76 0.59-0.92 0.65 0.46-0.83 

DSCT junior 0.65 0.46-0.95 0.47 0.26 0.70 
DSCT senior 0.79 0.63-0.95 0.59 0 .36-0.81 
DSCT consensus 0.79 0.63 0.95 0.59 0.37- 0.81 

Expert 0.59 0.39-0.82 

95%: CI 95% confidence interval, junior: junior reader, senior: senior reader, consensus: 

consensus reading between junior and senior reader, expert: expert reading during a joint 

reading of CAG and DSCT, multidisciplinary team: therapy advice based on the multi

disciplinary team evaluation 

also no false negative findings for the senior reader of CAG and all readers of DSCT 
in comparison with the treatment based on the multidisciplinary team evaluation. 

Therapy advice based on the expert reading (gold standard) 
The agreement of CAG and DSCT compared with the expert reading was good to 
excellent (range 0.65 0.82) (table 3 .2). Senior readers showed higher agreement 
with the expert reading compared with the junior reader of the same technique 
(0.67 vs 0.82 and 0.65 vs 0.79, for CAG and DSCT, respectively). The difference 
in kappa value between the different techniques is less in comparison with the 
expert reading than in comparison with the multidisciplinary team evaluation. 
Figure 3.1 shows a patient in which both CAG and DSCT detected a significant 
LAD stenosis and both advised PCI based on this finding. 

Revascularization advice 
When looking at the advice for revascularization or no revascularization ( table 
3.3) the same pattern was observed: low levels of agreement for all readers in
cluding the expert reading in comparison with the multidisciplinary team evalu
ation; higher levels of agreement for the senior reader compared with the junior 
reader of the same technique; and less difference in the level of agreement be
tween techniques in comparison with the expert reading than compared with the 
multidisciplinary team evaluation. 
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Table 3.3: Agreement in revascularization advice 

Reader Expert Multidisciplinary team 

Kappa value 95% CI Kappa value 95% CI 

CAG junior 0.80 0.59 1.00 0.58 0.32-0.78 
CAG senior 0.87 0.70-1.00 0.76 0.54-0.97 
CAG consensus 0.79 0.57 1.00 0.80 0.59-1.00 

DSCT junior 0.63 0.35 0.92 0.46 0.21 0.72 
DSCT senior 0.71 0.46-0.97 0.52 0.27-0.78 
DSCT consensus 0.74 0.46-1.00 0.58 0.33 0.83 

Expert 0.64 0.40-0.88 

95%: CI 95% confidence interval, junior: junior reader, senior: senior reader, consensus: 

consensus reading between junior and senior reader, expert: expert reading during a joint 

reading of CAG and DSCT, multidisciplinary team: therapy advice based on the multi

disciplinary team evaluation 

Diagnostic accuracy 
Diagnostic accuracy for the assessment of the need for revascularization was also 
calculated in comparison with the multidisciplinary team evaluation (table 3.4), 
in comparison with the expert reading (gold standard) (table 3.5), and for DSCT 
in comparison with CAG (table 3.6). In general, the senior reader had a higher 
accuracy compared with the junior reader. 

Diagnostic accuracy compared with the multidisciplinaiy team evaluation 

Compared with DSCT, CAG demonstrated a higher specificity (65%, 77%, and 
71% vs 47%, 53%, and 59% for the junior, senior and consensus reading of CAG 
and DSCT, respectively) and PPV (71 %, 80%, and 76% vs. 64%, 67%, and 70% 
for the junior, senior and consensus reading of CAG and DSCT, respectively) 
(table 3.4). The junior reader of DSCT showed a higher sensitivity and negative 
predictive value compared with the junior reader of CAG (100% and 100% vs 94% 
and 92% for DSCT and CAG, respectively). 
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Table 3.4: Revascularization advice compared to the multidisci-

plinary team evaluation 

Reader Multidisciplinary team 

Sensitivity 95% CI Specificity 95% CI PP V 95% CI NPV 95% CI 

CAG junior 94 82-100 65 42 87 71 52-91 92 76-100 

CAG senior 100 100 100 77 56-97 80 63-98 100 100 100 

CAG consensus 100 100-100 71 49-92 76 58 94 100 100-100 

DSCT junior 100 100-100 47 23-71 64 45-83 100 100-100 

DSCT senior 100 100-100 53 29-77 67 47-86 100 100-100 

DSCT consensus 100 100-100 59 35-82 70 51-88 100 100-100 

Expert 100 100-100 65 42-87 73 54-91 100 100-100 

Numbers are percentages, 95%: CI 95% confidence interval, junior: junior reader, senior: senior reader, consensus: 

consensus reading between junior and senior reader, expert: expert reading during a joint reading of CAG and DSCT, 

multidisciplinary team: therapy advice based on the multidisciplinary team evaluation 
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Table 3.5 :  Revascularization advice compared with the expert read-

ing 

Reader Expert 

Sensitivity 95% CI Specificity 95% CI PPV 95% CI NPV 95% CI 
CAG junior 91 79-100 91 74-100 95 86-100 83 62-100 

CAG senior 91 79 100 100 100-100 100 100-100 85 65 100 
CAG consensus 91 79-100 91 74- 100 95 86-100 83 62 100 

DSCT junior 96 87 100 64 35-92 84 70-98 88 65-100 

DSCT senior 96 87- 100 73 46-99 88 74-100 89 68 100 

DSCT consensus 96 87 100 82 59-100 91 80-100 90 71-100 

Numbers are percentages, 95%: CI 95% confidence interval, junior: junior reader, senior: senior reader, consensus: 

consensus reading between junior and senior reader, expert: expert reading during a joint reading of CAG and DSCT 
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Table 3 .6 :  Revascularization advice DSCT compared with CAG 

Reader Sensitivity 95% CI Specificity 95% CI PPV 95% CI NPV 

CAG junior versus: 
DSCT junior 95 86-100 58 30-86 80 64-96 88 
DSCT senior 91  78-100 58 30-86 79 63-95 78 

CJ1 CAG senior versus: c.o 
DSCT junior 100 100-100 62 35-88 80 64-96 100 
DSCT senior 100 100-100 69 44-94 83 68-98 100 

CAG consensus versus: 
DSCT consensus 95 86-100 75 51-100 87 73-100 90 

Numbers are percentages, 95%: CI 95% confidence interval, junior: junior reader, senior: senior reader, consensus: 

consensus reading between junior and senior reader 

95% CI 

65-100 
51-100 

100-100 
100-100 

71-100 
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Diagnostic accuracy compared with the expert reading (gold standard) 
CAG showed a higher specificity and PPV than DSCT for all readers in com
parison with the expert reading (table 3.5). DSCT showed a higher sensitivity 
and NPV than CAG for all readers in comparison with the expert reading. Large 
confidence intervals were seen for all observers and both modalities with a large 
overlap. 

Diagnostic accuracy of DSCT compared with CAG 
In a comparison between DSCT and CAG, a higher accuracy is seen for the se
nior reader (table 3.6). In the consensus reading, a moderate specificity, PPV and 
NPV is found for DSCT in comparison with CAG, with large confidence intervals. 
Sensitivity of DSCT compared with CAG is good with 95%. Overall diagnostic 
accuracy was 88%. In three patients DSCT advised a PCI instead of medical 
treatment advised by CAG. In one of these patients the expert reading also ad
vised a PCI. In one patient, DSCT advised medical treatment where CAG advised 
PCI. This patient, however, was treated with medical treatment only based on 
the multidisciplinary team evaluation. The expert reading also advised medical 
treatment in this particular patient. 

Inter-observer agTeement 
The inter-observer agreement for therapy advice between the junior and senior 
reader is 0.74 (95% CI: 0.54 0.93) for CAG and 0.63 (95% CI: 0.41 0.85) for 
DSCT. The inter-observer agreement for revascularization between the junior and 
senior reader is 0.81 (95% CI: 0.60 1.00) for CAG and 0.60 (95% CI: 0.29-0.92) 
for DSCT. 

Follow-up 
After a 1-year follow up (mean 1 .3 year ± 1 month), 28 patients had no cardiac 
events and were without symptoms. Three patients have died of non-cardiac
related causes. Two patients received additional revascularization after their ini
tial treatment. 
Patient 2 with atypical chest pain and non-significant coronary artery stenosis on 
the initial diagnostic CAG was treated with medical therapy (figure 3.2). After 7 
months this patient presented at the emergency department with a ST-elevated 
myocardial infarction and PCI with stent placement was performed. The CAG at 
that time showed a stenosis of 90% in the proximal right coronary artery (RCA) 
(figure 3.2(b)). Also retrospectively, the initial diagnostic CAG did not show any 
signs of stenosis or wall irregularities (figure 3.2(a)). On DSCT, a mixed plaque 
consisting of calcification and soft plaque was seen in the proximal RCA by both 
DSCT observers but did not result in an area stenosis >75% (figure 3.3). 
Patient 3 initially underwent PCI of the proximal LCx. F ive months later, CABG 
surgery was performed because of invalidating angina pectoris caused by a sig
nificant stenosis in the LAD. This stenosis was earlier mistaken for an artefact 
caused by side branches both during clinical evaluation as during the CAG read-
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(a) 

(b) (c) 

Figure 3.1: Patient 1. Based on the images above revascularization (PCI) was 
advised by both CAG and DSCT. (a) CAG image of a significant stenosis in 
the LAD. (b) Corresponding 3D volume-rendering image of DSCT. (c) Curved 
multi-planar reconstruction image of DSCT. 
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(a) 

(b) (c) (d) 

Figure 3.2: CAG images of the RCA of Patient 2. (a) CAG at initial presentation 
shows no significant stenosis. (b) The same patient presented with ST-elevated 
myocardial infarction 7 months later. CAG shows a proximal RCA stenosis and 
an occlusion of the right ventricular branch. ( c) CAG image of the stent in the 
proximal RCA. A guide-wire is visible distal in the RCA. ( d) Result after PCI 
with stent placement showing the right ventricular branch filling with contrast 
again. 
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(a) (b) 

Figure 3.3: (a) DSCT image of the RCA of patient 2 at initial presentation shows 
a mixed plaque in the proximal RCA, resulting in a stenosis of 50%. A second, 
mainly calcified plaque is present near the ostium. (b) DSCT image shows the 
mixed plaque in more detail together with the right ventricular branch of the 
RCA. 
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Figure 3.4: CAG of patient 3 shows no significant stenosis of the LAD artery 

ings (figure 3.4). This stenosis in the proximal LAD was seen on DSCT as an 
area stenosis of >75% by all DSCT observers (figure 3.5). Based on the DSCT 
findings revascularization would have been indicated. 

Discussion 

This study evaluated the potential of a DSCT-based therapy advice using the cur
rent cardiac intervention guidelines. 1 2  14 DSCT and CAG data were compared 
with the same reference standards, namely the expert reading and the multidis
ciplinary team evaluation. Based on clinical information, six out of 33 patients 
(18%) received a different treatment other then according to the guidelines would 
be appropriate. These deviations from the guidelines resulted in a low level of 
agreement for both modalities and all observers compared with the treatment 
based on the multidisciplinary team evaluation. 
In comparison with the expert reading (gold standard) which was also performed 
blinded from clinical information both techniques performed equally well. Since 
the patient group was small and the 95% confidence interval for both techniques 
was large, we concluded that no clinical difference in agreement was seen. The 
agreement between DSCT and the expert reading on therapy advice (kappa value 
0. 79) is in accordance with ear lier findings of Dorgelo et al., 17 who also corrected 
for changes in treatment strategy based on clinical information (kappa 0.76). 
For revascularization advice, DSCT showed a lower specificity and PPV than 
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CAG compared with the gold standard. From the literature it is known that 
the specificity and PPV of CT CAG remains low even for the more recent CT 
systems.4' 6, 18 ,  19 This is caused by the overestimation of stenosis severity by 
CT angiography in the presence of severe calcification and stents. 2, 20, 21 Motion 
artefacts due to irregular heart rate and breathing artefacts can also result in 
image quality degradation, and result in a lower diagnostic accuracy. 20 

On the other hand, the absence of coronary plaques on CT angiography has 
proven to safely exclude the presence of coronary artery disease and result in a 
high NPV.5 , 11 This study indicates that DSCT can be used to select patients' 
not needing revascularization, since no patient receiving revascularization based 
on the multidisciplinary team evaluation was missed. These patients potentially 
do not need to undergo invasive CAG in the future and can be safely sent home 
with extensive medical management. In our follow-up period of at least 1 year, 
only two patients needed additional revascularization. Based on the DSCT, pa
tient 3 would have been sent for CABG and would have been spared the initial 
PCI procedure. Patient 2 would have been treated with medical treatment based 
on the DSCT finding. This patient is, however, one example of the difficult cases 
in which there might be doubt about the best treatment approach. This patient 
was treated according to the current guidelines. From pathological studies it is 
known that mixed plaques seen on DSCT with a large soft plaque component are 
prone to rupture. 22-24 Current guidelines still do not advise protective stenting 
of these lesions seen on DSCT in the lack of clinical evidence. It remains striking, 
however, how these large plaques are completely missed by CAG, even retrospec
tively. 
The improved temporal resolution of DSCT has shown to result in high diagnos
tic accuracy of stenosis detection in patients with heart rates above 80 bpm. 6, 9 

Further improvement of the spatial resolution for CT angiography is needed to 
improve image quality and more importantly diagnostic accuracy in patients with 
severe calcifications and stents. 
The major limitation of CT angiography is still the fact that it provides only 
anatomical and some morphological information about coronary arteries and 
plaques. It does not give functional information about flow especially retrograde 
flow and the presence of ischemia. Therefore, the clinical implications of stenosis 
severity and with that the decision for PCI or CABG based on DSCT findings 
can be limited. 

Limitations 

The number of patients included was rather small and patients generally had a 
relatively low heart rate. New studies including patients with higher heart rates 
and irregular heart rates are needed to establish the role of DSCT in these specific 
patient groups. 
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(a) (b) 

Figure 3.5: DSCT images of patient 3. (a) Curved MPR of the LAD artery and 
an axial image perpendicular to the vessel (insert) shows the significant lumen 
stenosis in the proximal LAD (line) caused by a calcified plaque. The remaining 
lumen is indicated. (b) Three-dimensional volume-rendered image shows from 
left to right the RCA, LAD, the first diagonal branch and the LCx artery with 
multiple calcified plaques. 

Conclusion 

This study showing a high NPV for DSCT for revascularization assessment indi
cates that DSCT could be safely used to select patients benefiting from medical 
therapy only. In comparison with the expert reading (the gold standard), there 
is no clinical difference between the treatment prediction of CAG and DSCT. For 
both techniques experience is essential, however, for the most accurate diagnosis 
and treatment advice. 
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Abstract 

This meta-analysis evaluates the diagnostic accuracy of multi-detector computed 
tomography (MDCT) and magnetic resonance imaging (MRI) for bypass graft 
occlusion and stenosis detection compared to coronary angiography in patients 
after coronary artery bypass graft ( CABG) surgery. The indication for noninva
sive imaging in post-CABG patients with these techniques is discussed. Overall 
MRI had significantly lower sensitivity (81%) and specificity (91%) for occlusion 
detection than MDCT (96% and 98%, respectively). Only two studies assessed 
the accuracy of stenosis detection with MRI. Stenosis detection with MDCT had a 
pooled sensitivity of 89% and specificity of 97%. MDCT is, therefore, superior to 
MRI for the non-invasive detection of coronary bypass graft occlusion and steno
sis. For stenosis detection the accuracy of MDCT is, however, not sufficient to 
warrant a wide clinical use. The remaining indication for MR-guided bypass graft 
assessment is in combination with myocardial evaluation such as MR perfusion, 
wall motion, and stress test as a "one-stop-shop" procedure. 

72 



Evaluation of coronary artery bypass grafts 

Introduction 

The occurrence of coronary artery bypass graft ( CABG) disease and occlusion is 
common and increases over the years.1 Vein grafts have an higher occlusion rate 
compared to arterial grafts.1-4 Coronary angiography (CAG) is the gold standard 
in the diagnostic workup of CABG patients, but has some well known disadvan
tages. F irst, it is not without risks and it is relatively expensive. 5 Secondly, 
three-dimensional ( 3D) anatomical orientation of the bypass graft in relation to 
the chest, mediastinum, pericardium and epicardial vessels, including the venous 
system, is lacking or poor with selective catheterization. And thirdly, visualization 
of CABG lumina requires selective catheterization of the graft, which is regarded 
as especially difficult for gastroepiploic artery (GEA) grafts.6' 7 The orifices of 
these grafts are not in well-known anatomical positions as a result of which selec
tive catheterization can be hampered. Noninvasive diagnostic alternatives have 
been searched for because of these disadvantages of CAG. Both magnetic reso
nance imaging (MRI) and multi-detector computed tomography (MDCT) have 
been suggested and extensively studied for their value to serve this goal. 
CABGs are more easily assessable by non-invasive techniques because they are 
less mobile and have larger diameters than most native coronary arteries.8-10 

However, the presence of surgical wires, clips and heavy calcifications makes the 
evaluation of CABGs with these techniques difficult. Furthermore, distal anasto
moses are more sensitive to motion artifacts than proximal anastomoses and are 
therefore not always assessable. 
Both modalities have their advantages and disadvantages. One recent meta
analysis has been published in which the diagnostic accuracy of MDCT was eval
uated but no review or meta-analysis have been published, which systematically 
pooled and compared MRI and MDCT data in post-CABG patients.11 MRI en
ables visualization of the coronary bypass grafts and obtains flow information 
without the use of radiation.12-14 The latest MDCT scanners have both a high 
temporal and spatial resolution, which enables stenosis detection with high accu
racy. 15, 16 The purpose of this systematic review and meta-analysis is to evaluate 
the existing evidence of the diagnostic accuracy of MDCT and MRI for detec
tion of bypass occlusion and stenosis compared to CAG in post-CABG patients. 
The accuracy of the most recent and advanced scanners and scanning protocols 
of MDCT and MRI are compared and the indication for non-invasive imaging in 
post-CABG with these techniques is discussed. 

Materials and methods 

Literature review 
A computerized search was performed to identify relevant articles published be
fore 1 August 2007 in Medline and Embase. With the assistance of a librarian, 
the following strategy was undertaken in Medline for MDCT: ' Tomography, 
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X-Ray Computed" [Mesh terms] AND (coronary angiograph* [all fields] OR "heart 
catheter*" [all fields] ) AND "coronary artery bypass" [Mesh terms] OR "gastroepi
ploic artery" [Mesh terms] OR " gastroepiploic artery" [text word] OR " myocardial 
reperfusion" [all fields]), combined with the diagnostic filter specified in Pubmed 
under clinical queries (broad search). For MRI "magnetic resonance imaging" 
was used as mesh term and as text word. The search was limited to articles con
cerning humans and articles with abstracts. In Em base we used: "multidetector
computed-tomography" OR "nuclear-magnetic-resonance-imaging" AND "bypass
surgery" (in DEM) AND "angiography" AND "article" ( document type) AND 
"journal" (publication type). 
Two reviewers (for MRI: RD and TPW; for MDCT: RD and HvdZ;) indepen
dently manually cross-referenced bibliographies in all original manuscripts and 
narrative reviews and editorials on the subject for any articles not identified by 
the electronic search. All languages were considered. If the article was in a lan
guage other than English, German or French, it was officially translated. The 
complete search yielded 351 articles (MRI 141 and MDCT 210) (figure 4.1). 

Eligibility criteria 
Studies assessing the value of MDCT or l\,IRI in post-CABG patients were searched 
for. When a article described a mixed population, including also non-CABG pa
tients, but a separate analysis for CABG patients was reported, the study was 
included in the search. Articles were furthermore included when (a) all patients 
underwent CAG as a reference standard ( to avoid partial verification bias or re
ferral bias); and (b) absolute numbers of cases were reported or at least 2x2 tables 
could be deducted; when diagnostic accuracy was reported but absolute numbers 
were not, the corresponding author was contacted and the study was included 
if the absolute numbers were provided. Studies were excluded when (a) � 10 
patients were included, as smaller studies are more likely to suffer from selection 
bias; 1 7  (b) multiple reports were published on the same study population (in this 
case the publication with the largest study group was included in the analysis; 
in case of doubt about duplicate publications the primary author was contacted); 
( c) the primary aim of the study was the evaluation of a technical/ postprocessing 
protocol; ( d) the article was a review or editorial; or if ( e) a MRI scanner of less 
than 1.5 Tesla was used, because this would result in an unfair comparison with 
MDCT. 

Data collection and quality assessment 

Two reviewers (RD, HvdZ) independently selected both MDCT and MRI articles 
based on title and abstract; if one of the reviewers considered the study potentially 
eligible the full article was evaluated. Study quality was assessed independently 
by two observers (RD and TPW for MRI ; RD and HvdZ for MDCT) using the 
QUADAS tool; 18  disagreement was resolved by arbitration. This evidence based 
tool was developed specifically to assess the quality of diagnostic accuracy studies 
and included 14 quality items. 
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The following study descriptives were extracted: population descriptives ( age, 
male-to-female ratio, time after surgery, patient group (symptomatic or asymp
tomatic), study design, type of MDCT and/ or MRI scanner used, rotation times 
(MDCT), scanning sequence (MRI), heart rate during scan (MDCT), number 
of evaluable and nonevaluable patients and grafts. type of analysis, and diag
nostic accuracy numbers ( true positives, false positives, true negatives and false 
negatives). For consistency of the data across the articles occluded grafts were 
considered as positive and open grafts as negative. In case the original article did 
not provide enough information to be included in the meta-analysis the primary 
investigator was contacted for more detailed information. 
Also for consistency, analysis including all bypass grafts were considered as supe
rior to analysis including only the assessable bypass grafts . Therefore, when the 
article itself did not provide these analysis, but there was sufficient information 
in the article to compute the diagnostic value of :rvIDCT or MRI including those 
non-assessable grafts, the sensitivity and specificity as recalculated by our own 
data instead of the reported sensitivity and specificity in the article were used. In 
doing this any non-assessable graft was considered as negative (open). 

Statistical analysis 

Differences in study characteristics between the two techniques were tested using 
Chi squared statistics for proportions and parametric (Student t-test) or nonpara
metric statistics (Mann-Whitney U test) for continuous variables. Evaluation of 
the diagnostic odds ratio (DOR) was performed to evaluate the distribution of 
diagnostic accuracies between studies and between techniques. DOR is calculated 
by (sensitivity/ (1- sensitivity))/ ((1- specificity)/ specificity) . 

Exploration of heterogeneity 

Primary outcome of this meta-analysis was diagnostic accuracy for bypass graft 
occlusion detection; secondary outcome was bypass stenosis detection (2: 50% 
luminal diameter reduction). Individual study sensitivities and specificities with 
95% confidence intervals (CI) were plotted to identify heterogeneity between stud
ies. Heterogeneity was explored using the Higgins and Thompson test, calculating 
the 12 statistic. 19 This statistic uses the conventional Cochran Q statistic to cal
culate the percentage of total variation across studies that can be attributed to 
between-study heterogeneity. 19 Explanations for heterogeneity within diagnostic 
techniques were analyzed using stratification. 

Assessment of publication bias 

The presence of publication bias was visually assessed by producing a funnel plot 
of the natural logarithm of the DOR against the effective sample size, as proposed 
by Deeks et al.20 and tested with Egger's regression test. 
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MDCT search result: 
n = 210 

Excluded based on title and abstract: 
n = 163 

Papers retrieved for detai led evaluation: 
n = 47 

Excluded: n = 16 
- � 10 patients: n = 8 
- CAG not used as reference test: n = 4 
• MDCT not used as index test: n = 2 
- 2x2 table not possible: n = 1 
- Stenosis and/or occlusion detection 

not the objective of the study: n = 1 

Selection based on fu ll paper: 
n = 31  

Dupl icate publications excluded: 
n = 3  

Inc luded in the MDCT analysis :  
n = 28 

MRI  search result: 
n = 141 

Excluded based on title and abstract: 
n = 92 

Papers retrieved for detailed evaluation: 
n = 47 

Excluded: n = 27 
- � 10 patients: n = 5 
- CAG not used as reference test: n = 2 
- MRI  not used as index test: n = 1 
- 2x2 table not possible: n = 5 
- Stenosis and/or occlusion detection 

not the object of the study: n = 4 
- Review or comment: n = 3 
- Work up bias: n = 1 
- Study using < 1 . 5  Tesla: n = 6 

Selection based on fu l l  paper: 
n = 22 

Dupl icate publ ications excluded: 
n = 3 

Inc luded in the MRI ana lysis: 
n = 19 

Figure 4.1: Flow chart of literature search 

Assessment of diagnostic accuracy 
A bivariate analysis of sensitivity and specificity was performed as described by 
Reitsma et al. 21 In short, this analysis includes both sensitivity and specificity 
when comparing the diagnostic value of two techniques, as these are often nega
tively correlated. In the bivariate model one can specifically test whether there 
is a difference in sensitivity, specificity, or both, and examine the effect of other 
variables on this difference. 
Data were analyzed in SPSS 14.0 (SPSS inc, Chicago, USA), Stata SE version 8.0 
(STATA corp, College Station, Tex), Winpepi,22 Meta-DiSc 1.4,23 and MLWin 
2.02 (Centre for Multilevel Modelling, University of Bristol, Bristol). 
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Results 

Search results 
The search yielded 351 potential articles for either MDCT or MRI. Based on title 
and abstract, 96 articles were selected to be evaluated (figure 4.1). No articles 
were found in which MDCT and MRI were compared within the same patient 
population. In total, 5 primary investigators were contacted for more details on 7 
different articles. In total 47 articles were included, 28 for MDCT 15 • 16 , 24-49 and 
19 for MRI.50-68 Six articles using < 1.0 T MRI were excluded, including one of 
the first publications from 1988 using a 0.26 T MRI.69 

Exploration of heterogeneity in occlusion detection 
Patients included in the MDCT studies were on average 2 years older compared 
to the patients included in the MRI studies (65 vs. 63 years, p= 0.03). In MDCT 
studies significantly more symptomatic patients were included compared to MRI 
studies (p= 0.03). Other variables ( quality of articles, language of articles, study 
design, percentage male, mean time between surgery and scan, mean occlusion 
rate of bypass grafts) were not significantly different between studies of the two 
techniques. 
Sensitivity and specificity rates of all articles assessing the value of MDCT in 
post-CABG patients were homogenous. High quality studies (QUADAS � 12) 
were moderately homogeneous whereas low quality studies (QUADAS < 12) were 
highly homogeneous. Study design, type of MDCT scanner and disease preference 
did not show heterogeneity. 
Amongst all included MRI studies sensitivities were homogeneous whereas speci
ficities were heterogeneous for occlusion detection. Studies using MRA with 
gadolinium as contrast agent were homogeneous both in sensitivities and speci
ficities. Studies using other MRI scanning sequences were homogeneous for sen
sitivity but heterogeneous in specificity. 

Assessment of publication bias 
The funnel plot depicted clear evidence for publication bias, and none of the 
intercepts included 0 (CI around the intercept of MDCT studies was 0.4-1.2, 
p< 0.001; for MRI studies 2.2-3.2 ;  p= 0.004). 

MDCT studies 
For MDCT, 25 articles were in English, one in Italian, one in Chinese, and one in 
Polish. The mean quality score of the included articles was 11.8 (± 1.5), and all 
articles were published between 2001 and 2007. Sixteen articles had a prospective 
consecutive study design, and 12 articles had a prospective nonconsecutive study 
design. In total, 1320 patients were included (82% men), with a mean age of 65.0 
(± 3.0) years (table 4.1). 
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Table 4. 1 :  MDCT Study characteristics I Q  

Study (Author, Evaluable Male Age* Heart Evaluable Venous Arterial Population Years Occlusion Quality I �  pubdate patients (%) (years) rate* bypass grafts grafts since rate (%) score 
(6pm) grafts (N) (%) (%) surgery* 

4-slice MDCT 

Ropers 2001 65 82 67 72 182 89 11  NA 7.6 32 11  

Pasowicz 2002 57 70 59 NA 187 89 11  symptomatic 3 .1  30 11  

Yoo 2003 42 76 71 NA 125 44 56 NA NA 4 1 1  

K o  2003 39 74 60 NA 115 47 53 NA 1 .2  13 10 

Nieman 2003 24 83 64 64 40 58 42 symptomatic 9.6 26 13 

Ivlarano 2004 57 95 65 NA 122 22 78 NA 4.8 23 12 

Rossi 2004 47 94 67 62 116 75 25 asymptomatic 10 32 1 1  

--1 Moore 2005 50 76 63 64 150 75 25 symptomatic 7.8 31 10 
00 

4- and 16-slice MDCT 

Schuijf 2004 11  NA NA NA 21 76 24 symptomatic NA NA 12 

Imagawa 2005 32 NA NA NA 81 7 93 NA NA 1 8 

8-slice MDCT 

Song MH 2005 50 78 69 NA 170 9 91 NA 0.5 2 12 

16-slice MDCT 

Schlosser 2004 48 76 65 64 131 69 31 NA 5.6 16 11 

Song W 2005 56 82 64 58 152 68 32 symptomatic 7.6 24 10 

Martuscelli 2004 96 83 62 58 251 66 34 symptomatic 7.0 20 13 

Chiurlia 2005 52 87 63 58 165 71 29 NA 7.9 33 12 

Continued on next page 



Table 4. 1 - continued from previous page 

Study (Author, Evaluable Male Age* Heart Evaluable Venous Arterial Population Years Occlusion Quality 
pubdate patients (%) (years) rate* bypass grafts grafts since rate (%) score 

(bpm) grafts (N) (%) (%) surgery* 

Schuijf 2005 22 NA NA NA 62 79 21 symptomatic NA NA 13 

Trigo Bautista 38 76 67 62 98 62 38 symptomatic NA 17 12 
2005 

Salm 2005 25 96 67 64 67 79 21 symptomatic 9 .2  17 10 

Anders 2006 32 91 67 63 93 80 20 symptomatic NA 30 12 

Stauder 2006 20 NA NA 67 50 68 32 symptomatic 4.8 NA 13 

Burgstahler 2006 13 77 62 68 43 74 26 symptomatic NA 37 10 

Bartnes 2006 45 76 NA NA 156 70 NA 2 .2  11  13 

Andreini 2007 96 77 63 61  216 47 53 symptomatic 8.0 21 14 Q:j 
-:J � 

64-slice MDCT � 
Pache 2006 31 84 68 63 93 76 24 symptomatic 7.7 44 12 5· 

i:::l 
Ropers 2006 50 76 67 59 138 72 28 symptomatic 8.8 28 14 0 

Meyer 2007 138 88 68 63 379 64 36 symptomatic 8.0 21 14 
0 

Dikkers 2007 34 85 64 61  69 25  75 symptomatic 6.7 15 14 .., 
0 
i:::l 

Jabara 2007 50 92 64 60 147 68 32 symptomatic 8 .1  19 13 � .., 
'-< 
� 

Total S 1320 lVI M M 62.7 S 3637 M M m 7.6 m 21 .0 M I �  82.3 65.0 60.3 39.7 11 .8  
'-< 

'-< 
bpm beats per minute, NA not available, S sum, M mean, m median ,  symptomatic: patients suspected of having ischemic heart disease or angina 

Ii pectoris, asymptomatic: patients without complaints of chest pain ,  * = mean 
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Table 4.2: Study results lVIDCT I Q  

Study (author, Time Occlusion detection (%) Stenosis detection (%) I :  pubdate) between 
tests 

(mean,days) Unevaluable Sensitivity Specificity Unevaluable Sensitivity Specificity 

4-slice MDCT 

Ropers 2001 3t 0 97 98 38 75 92 

Pasowicz 2002 5t 0 92 95 NA NA NA 

Yoo 2003 91t 0 100* 98* NA NA NA 

Ko 2003 17  0 93 99 4 67 98 

Nieman 2003 llt 8 100§ 97§ 7 70§ 91§  

Marano 2004 5 0 93 98 33 80 96 

00 Rossi 2004 183t 9 100 100 NA NA NA 
0 Moore 2005 26 0 91  100 NA NA NA 

4- and 16-slice MDCT 

Schuijf 2004 NA 0 100 100 NA NA NA 

Imagawa 2005 NA 0 100* 98* NA NA NA 

8-slice MDCT 

Song MH 2005 7t 0 100 99 NA NA NA 

16-slice MDCT 

Schlosser 2004 4t 0 100 100 NA NA NA 

Song W 2005 3t 0 100 96 0 83 97 

Martuscelli 2004 20 12 100 100 0 90 100 

Continued on next page 



Table 4.2 - continued from previous page 

Study (author, Time Occlusion detection (%) Stenosis detection (%) 
pubdate) between 

tests 

(mean,days) Unevaluable Sensitivity Specificity Unevaluable Sensitivity Specificity 

Chiurlia 2005 15 1 100 100 0 95 100 

Schuijf 2005 NA 0 96 100 14 100 96 

Trigo Bautista 2005 28 16  92 97 NA NA NA 

Salm 2005 NA NA NA NA 9 100§ 93§ 

Anders 2006 3t 0 100 98 22 80 85 

Stauder 2006 1 0 98:j: 95:j: NA NA NA 

Burgstahler 2006 NA 0 100# 100# NA NA NA 

00 
Bartnes 2006 0 25 69 99 24 33 98 

I i  f--1 Andreini 2007 6 0 100 99 0 100 99 

� 
64-slice MDCT 5· 

Pache 2006 4 0 100 100 0 75 96 0 
,-;-, 

Ropers 2006 3t 0 100 100 0 100 94 0 
1-1 

Meijer 2007 NA 2 100 97 0 91 97 0 

Dikkers 2007 5 0 100 100 0 100 99 � 
1-1 

Jabara 2007 NA 0 93 100 
"<! 

0 100 100 � 
1-1 

1-1 

tmaximum number of days, # sensitivity and specificity calculated using all coronary bypass grafts, in article sensitivity and "<! 

u 
specificity for evaluable grafts reported, :j:sensitivity and specificity calculated for both occlusion and stenosis detection, "<! 

§sensitivity and specificity based on segment analysis, NA not available, * in article occluded grafts considered as negative and 

open grafts as positive. For consistency of the data we reported here occluded grafts as positive and open grafts as negative 
� 
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A total of 3637 bypass grafts were examined after a median time of 7.6 years 
(range 0.5 10 years) after CABG surgery. In total, 60% venous bypass grafts 
and 40% arterial bypass grafts were included, with a median occlusion rate of 
21% (range; 1% 44%). Nineteen articles reported details on the type of patients 
included: 18 articles included symptomatic patients and 1 article included asymp
tomatic patients for the evaluation of graft patency following CABG surgery at 
least 10 years previously. 40 
The reported sensitivities for occlusion detection using MDCT ranged from 69% 
to 100%, with a number of excluded bypass grafts ranging from 0% to 25% (table 
4.2). Specificity for occlusion detection ranged from 95% to 100%. The DOR for 
all studies are plotted in figure 4.2. The overall 95% CI of all DORs for occlu
sion detection using MDCT was 1065 (figure 4.2). Seventeen studies reported the 
accuracy of MDCT for stenosis detection, in which the sensitivity ranged from 
33% to 100%, specificity ranged from 85% to 100%, and the number of excluded 
bypass grafts ranged from 0% to 38%. 

Occlusion detection 
Overall sensitivity and specificity for all 28 MDCT studies was 96% (95% CI; 
95 97%) and 98% (95% CI; 98 99%), respectively. Sensitivity for studies using 
4-slice MDCT (n= 8) was 95% (95% CI; 91 97%), for 16-slice (n= 12) 96% (95% 
CI; 94 98%) and for 64-slice (n= 8) 98% (95% CI; 95 99%). Specificity was the 
same for all scanners 98% (95% CI; 97 99%). 

Stenosis detection 
Seventeen MDCT articles, 15 , 24 27, 29 33, 35 , 35 , 38, 39 , 41, 44 , 46 including 2357 by-
pass grafts, included numbers on the accuracy of stenosis detection. One article 
defined significant stenosis as a lumen diameter reduction of more than 70%,30 and 
16 articles15 , 24 27, 29 , 31 33, 35 , 36 , 38, 39 , 41, 44, 46 defined significant stenosis as lu-
men diameter reduction of more than 50%. The pooled sensitivity was 89% (95% 
CI; 84%-92%) and specificity was 97% (95% CI; 96% 98%). Seventeen articles 
using a 16-slice or 64-slice MDCT scanner performed somewhat better (pooled 
sensitivity, 92% (95% CI; 87% 95%); pooled specificity, 97% (95% CI; 97% 
98%) _ 15 , 16 , 24 27, 29 , 32 , 33 , 36 , 39 , 41, 42 , 44, 46 48 Four included MDCT studies re-
ported the accuracy of stenosis detection in native coronary segments.24 , 27, 39 , 47 

The number of segments that were non-assessable ranged from 3% to 31 %. Overall 
sensitivity was 85% (95% CI; 81 89%), and specificity was 82% (95% CI; 79 84%). 

J\IRI studies 
For MRI, 12 articles were in English, 5 in German, one in French, and one in 
Japanese. Included articles were published between 1989 and 2004. Nine of the 
19 included articles were published before the year 2000. The mean quality score 
was 11.7 (± 1.9). The study design was known in 17 articles: 9 articles had a 
prospective, consecutive design; 8 articles had a prospective nonconsecutive study 
design. The articles included 492 patients (86% men), with a mean age of 62.9 
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(± 2 .8) years (table 4.3) .  A total of 1215 bypass grafts after a median time of 
4.8 years (range; 0 .02-11  years) postoperatively were examined. In total, 64% 
venous bypass grafts and 36% arterial bypass grafts were included, with a median 
occlusion rate of 22% (range; 0%-60%) . Sixteen articles reported details about 
the patient population: 9 articles included symptomatic patients, and 7 articles 
studied asymptomatic patients. 
For MRI the reported sensitivities for occlusion detection ranged from 45% to 
100% and specificities ranged from 65% to 100%. The number of excluded bypass 
grafts ranged from 0% to 19 .3% (table 4.4) . The overall 95% CI of DORs for 
MRI was 59 (figure 4.2 (b) ) .  Only two studies reported the diagnostic accuracy 
for stenosis detection. 

Occlusion detection 

Overall sensitivity and specificity for MRI studies was 81 % (95% CI; 76-86%) 
and 91% (95% CI; 89-93%) ,  respectively. Studies using an MRA sequence with 
gadolinium (n= 8) performed better (sensitivity, 84% (95% CI; 75-91%) ;  speci
ficity, 93% (95% CI; 90 96%) ) compared to other MRI sequences (sensitivity, 79% 
(95% CI; 71-86%) ; specificity, 90% (95% CI; 87-92%) ) .  

Stenosis detection 

Only 2 MRI articles described an analysis of stenosis detection in bypass grafts 
using MRI. 55 , 60 One article used fast velocity-encoded cine MR images to mea
sure the baseline blood flow volumes in internal mammary arterial grafts. 55 With 
a threshold value of 35 ml/min for baseline flow volume the sensitivity and speci
ficity for detecting bypass graft stenosis of more than 70% lumen diameter reduc
tion were 86% and 94%, respectively. The second article evaluated MR velocity 
mapping with a fast breath-hold turbo field echo planar imaging sequence at rest 
and during stress.60 Using 2.0 as cutoff value for coronary flow velocity reserve 
sensitivity and specificity for detecting graft stenosis of more than 50% lumen 
diameter reduction were 62% and 82%, respectively. 
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Table 4.3 :  MRI Study characteristics I Q  

Study (Author, Evaluable Male Age* Evaluable Venous Arterial Population Years Occlusion Quality I :  pubdate patients (%) bypass grafts grafts since rate (%) score 
grafts (N) (%) (%) surgery* 

Aurigemma 1989 20 NA NA 45 91  9 asymptomatic NA 27 12 

Wicke 1991 20 90 62 52 100 0 asymptomatic 0 .25 21  10  

Ambrosi 1996 20 100 66 42 76 24 symptomatic NA 31 11  

Okamura 1997 35 86 61 92 62 38 NA NA 2 7 

Vrachliotis 1997 15 73 64 45 64 36 symptomatic 9.3 32 13 

Von Smekal 1997 18 100 60 41 63 37 asymptomatic 1 .3 18 12 

Wintersperger 1998 27 96 58 76 63 37 NA 2 .2  21 12 

Kalden 1999 38 84 66 97 80 20 symptomatic 6 .3 23 12 

00 Boehm 1999 12 67 65 17 29 71 asymptomatic 0.02 0 9 
� Molinari 2000 18 72 66 49 59 41 symptomatic 4.4 24 14 

Engelmann 2000 16 100 58 55 69 31 asymptomatic 2 . 1  24  14  

Wittlinger 2000 29 83 66 74 76 24 symptomatic 5.6 22 14 

Ishida 2001 24 85 64 24 0 100 asymptomatic 0.07 0 13 

Vetter 2001 22 73 59 22 0 100 asymptomatic 0.02 5 1 1  

Wittlinger 2002 25 80 62 63 75 25 NA 5 .3  25  11  

Wittlinger 2002 34 88 62 82 78 22 symptomatic 7.3 22 14 

Bunce 2003 25 100 63 79 71 29 symptomatic 6 .7  14 13  

Langerak 2003 69 84 66 166 75 25 symptomatic 9 .3 25 11 

Salm 2004 25 88 65 46 79 21 symptomatic 11  60 10 

Total S 492 M 86.0 M 62.9 S 1215 M 63.7 lVI 36.3 m 4.8 m 22.0 M 1 1 . 7  

All studies used 1 . 5  Tesla MRI scanners. N A  not available, S sum, M mean, m median, symptomatic: patients suspected o f  having ischemic 

heart disease or angina pectoris, asymptomatic: patients without complaints of chest pain,  * = mean 



Table 4.4: Study results MRI 

Study (author, Days Scan sequence MRI Occlusion detection (%) 
pubdate between technique 

tests 

(mean) Unevaluable Sensitivity Specificity 

1 .5 Tesla 

Aurigemma 1989 368t Gradient refocused fast-scan cine MR Cine 0 100* 88* 

Wicke 1991 1 SE Anatomy 0 73 73 

Ambrosi 1996 7t Ultra-rapid MRI MRA 0 92 90 

Okamura 1997 NA 2D-FASTCARD Cine 0 50 91 

Vrachliotis 1997 It FISP-3D angiography MRA 2.2 87 97 

Von Smekal 1997 5.9 FLASH MRA 14.6 100#* 67* 

Wintersperger 1998 0 3D radio-frequency spoiled fast low-angle shot MRA 0 81 95 trj 
00 l c.,, Kalden 1999 14t HASTE Anatomy 0 91*  96* C 

Boehm 1999 9 Ultra fast 3D GE MRA 0 NA 94 � 

Molinari 2000 15t 3D angiography with navigator echo MRA 3.9 92# 97 
5· 
µ 

Engelmann 2000 0 3D radio-frequency spoiled fast low-angle shot MRA 0 85 95 0 

Wittlinger 2000 7t HASTE Anatomy 0 94* 95* 0 

FISP-3D MRA 0 94* 95* 0 
µ 

Ishida 2001 7t Fast velocity encoding cine MR (peak flow) VENC 8.3§ 86#§ 88§ � 
'"1 

'-<: 
Fast velocity encoding cine MR (baseline flow) VENC 8.3§ 86#§ 94§ � 

'"1 

7t Fast velocity encoding cine MR (flow reserve ratio) VENC 8.3§ 86#§ 65§ 

Vetter 2001 NA 3D radio-frequency spoiled fast low-angle shot MRA 0 100 100 '-<: 

'-<: 

Wittlinger 2002 7t HASTE Anatomy 12 .2 67 97 
3D angiography with navigator echo MRA 9.8 78 97 

[fl 

oq 
Continued on next page '"1 � 
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Table 4.4 - continued from previous page 

Study (author, Days Scan sequence MRI Occlusion detection (%) 
pubdate between technique 

tests 

(mean) Unevaluable Sensitivity Specificity 

Wittlinger 2002 NA HASTE Anatomy 0 88* 94* 

3D angiography with navigator echo MRA 0 63* 75* 

FISP-3D MRA 0 88* 94* 

Bunce 2003 lOOt True FISP MRA 0 45* 84* 

3D-spoiled GE MRA 0 73* 85* 

Langerak 2003 NA GE Anatomy 0 61* 91* 

Salm 2004 NA TFEPI VENC 19.3§ 62§ 82§ 

SE spin echo, GE gradient echo, FISP fast imaging with steady-state precession, HASTE half Fourier acquired single shot turbo spin echo, FLASH 

turbo fast-low angle shot , TFEPI Turbo field echo planar imaging sequence, }..-IRA magnetic resonance angiography, VENC velocity-encoded cine. NA 

not available, tmaximum number of days, # sensitivity and specificity calculated using all coronary bypass grafts, in article sensitivity and specificity 

for evaluable grafts reported, :j:sensitivity and specificity calculated for both occlusion and stenosis detection, §numbers given for stenosis detection 

instead of occlusion detection,* in article occluded grafts considered as negative and open grafts as positive. For consistency of the data we reported 

here occluded grafts as positive and open grafts as negative. 
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Bivariate analysis 

A bivariate analysis of sensitivity and specificity as described by Reitsma et al. 
was performed for occlusion detection only.21 A significantly lower sensitivity 
was found in the MRI studies than in MDCT studies (81 % vs. 96%, p< 0 .00 1 ) .  
Specificity was also significantly lower for the MRI compared t o  MDCT (91  % vs. 
98%, p< 0.001 ) .  In a combined analysis including both sensitivity and specificity, 
a significantly lower diagnostic accuracy (p< 0.001 )  was found for MRI compared 
to MDCT. There was a negligible positive correlation between sensitivity and 
specificity in this combined analysis (r= 0.02) . 
In a second analysis the studies evaluating the latest MRI scanning sequence 
(MRA with gadolinium) and latest l\IDCT scanners (16-slice and 64-slice MDCT) 
were included. The sensitivity and specificity of 1 .5T URI scanners using URA 
and gadolinium as a contrast agent (84% and 93%, respectively) were signif
icantly lower compared to the sensitivity and specificity of studies evaluating 
the diagnostic accuracy of 16-slice and 64-slice MDCT scanners (96% and 98%, 
respectively) (p< 0 .001) . In the bivariate analysis there was a strikingly low to 
absent correlation between sensitivity and specificity, which we could not explain. 

Discussion 

This meta-analysis shows that detection of bypass graft occlusions with MDCT 
is significantly better than with MRI. Therefore, MRI for the single indication of 
bypass graft evaluation is not the technique of choice anymore. MRI has a high 
specificity (91 % ) and a moderate sensitivity (81 % ) for detecting bypass occlusions, 
whereas MDCT has both a significantly higher specificity (98%) and sensitivity 
(96%) for the non-invasive detection of bypass graft occlusion. For bypass graft 
stenosis assessment even the most recent l\1DCT scanners show a rather moderate 
sensitivity of 89%.  
Very few studies (n= 2) assessed the value of  MRI for  the detection of bypass 
graft stenosis, which can be seen as representative for the limited value of this 
technique in stenosis detection. An evaluation of bypass graft stenosis is actually 
not possible due to the low spatial resolution of MRI.67 

Several authors have investigated time-of-flight and phase contrast MRA as means 
of assessing coronary bypass grafts.51 , 62 , 7o,  71 As a result of long data acquisition 
times required by both these techniques, respiratory and heart motion-generated 
artefacts led to an unsatisfactory image quality which reduced the accuracy of 
the method. More recent studies investigated spin echo sequences to obtain mor
phological information. It is also possible to assess bypass function by means of 
gradient echo and spin echo sequences. Gradient echo sequences have the advan
tage to be less susceptible to metal artefacts. Another important limitation of 
non-invasive CAG using MRI is that , besides the limited field of view,the signal
to-noise ratio limits the trade-off between time and spatial resolution. With the 
new 3 .0  T systems, which are now available for clinical use.  signal-to-noise ratio 
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Figure 4 .2: Summary Diagnostic Odds Ratio of included MDCT articles (a) and 
included MRI articles (b). 
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in coronary applications improves spatial and time resolution permitting visual
ization of longer segments of coronary arteries and bypass grafts. 72 This new 
technique will also result in a shorter scan time and shorter breath-hold with 
consequently improved patient cooperation. 72 The significant increase in image 
quality acquired at 3 .0  T compared to 1 .5  T comes, however, at the expense of 
susceptibility artefacts. 73 

Seventeen of the 28 studies assessed the value of MDCT for stenosis detection. 
The reported sensitivities and specificities were acceptable (89% and 97%, respec
tively) . The pooled sensitivity for stenosis detection improved a little for studies 
using 16-slice and 64-slice MDCT scanners. In the detection of coronary artery 
disease, it has been shown that both the number of assessable native segments 
as well as sensitivity for the detection of coronary artery stenosis improved with 
increasing numbers of slices used (i .e. 74% and 76% for 4-slice MDCT and 97% 
and 92% for 64-slice MDCT) . 74 Despite the improved spatial and temporal resolu
tion of these scanners, severe calcifications and metal clips still result in blooming 
artefacts. Quantification of stenosis in severely diseased vessels, as is the case in 
post-CABG patients, is therefore still challenging. 
One recently published meta-analysis compared the diagnostic accuracy of MRI 
and MDCT for the non-invasive detection of (native) coronary artery stenosis in 
patients suspected of coronary artery disease. 75 In those patients, significantly 
more coronary segments could be evaluated with MDCT than with MRI, and a 
significantly better sensitivity and specificity for detecting coronary artery steno
sis was found. Our current meta-analysis of the non-invasive evaluation of CABG 
underlines the superiority of MDCT over MRI. 
It is known that both techniques require a regular heart rhythm, and image qual
ity is reduced by the presence of surgical clips. MRI, however, has the potential 
to overrule MDCT as a non-invasive alternative to CAG because it can combine 
morphological imaging with functional parameters such as flow measurements 
without the use of x-ray exposure. MRI has the potential to point out the steno
sis and in addition assesses the presence or absence of ischemia. Especially MR 
first-pass perfusion imaging and stress induced wall motion abnormalities have 
been proven to reliably asses the presence of ischemia in a high-risk population 
both at patient level and at coronary territory level. 76 A recent study estimated 
a 3-year event-free survival of 99% for patients with a normal MR perfusion and 
dobutamine stress MR in patients with known coronary artery disease. 77 This 
allows MRI to select grafts in need of further invasive analysis and revascular
ization to alleviate myocardial ischemia. Despite these benefits, the visualization 
of the coronaries and bypass grafts still largely differs between MDCT and MRI, 
and MRI needs new approaches , contrast media and hardware improvements to 
compete with MDCT again. 
X-ray exposure has only a very limited role in the selection of the technique of 
choice for bypass graft evaluation because it concerns the older patient popula
tion. Based on our results, MDCT would be superior to MRI for the non-invasive 
evaluation of bypass graft disease. Only in patients scheduled for a MR stress 
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test (i.e. MR perfusion or dobutamine stress MR) l\IRI can be used for bypass 
graft occlusion assessment in a one-stop-shop procedure. In case of inconclusive 
results, evaluation with MDCT or CAG will still be indicated. 
A limitation of the validity of any meta-analysis is publication bias. Smaller stud
ies, and especially those with negative results , are less likely to be accepted for 
publication than larger studies, leading to an overestimation of the diagnostic 
accuracy of a test when combining only published reports. In this meta-analysis, 
publication bias is suspected for MRI and MDCT studies. We therefore acknowl
edge the potential overestimation of the pooled sensitivity and specificity for both 
MRI and MDCT, but because both techniques seem to suffer from publication 
bias, the difference between MRI and MDCT can be expected to be real. 

Conclusion 

MDCT is superior to 1\rIRI for non-invasive detection of coronary bypass graft 
occlusion and stenosis. Only in patients with an additional indication for MR 
perfusion, wall motion or stress testing that bypass graft occlusion could be eval
uated using MRI. For the single indication of bypass graft evaluation, MRI is not 
the technique of choice anymore. 
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Abstract 

The purpose of this study is to assess the diagnostic accuracy of 64-slice multi
detector computed tomography (MDCT) in symptomatic patients after coronary 
artery bypass graft ( CABG) surgery and to explore the advantages of the 64-slice 
MDCT results on the coronary angriography (CAG) procedure. 
Material and methods: From December 2004 until August 2005, 34 post-CABG 
patients (29 men, mean age 63.5 ± 8.5 years) with 69 coronary artery bypass 
grafts were scanned on a 64-slice MDCT (Somatom Sensation 64, Siemens AG, 
Forchheim, Germany) prior to CAG. Angiograms and 64-slice MDCT images were 
evaluated for the existence of occlusions or significant stenosis (� 50% lumen 
reduction) in bypass grafts and native coronary arteries. 
Results: 64-slice MDCT had a sensitivity, a specificity, and a diagnostic accuracy 
of 100% for occlusion detection. For stenosis detection, sensitivity was 100%, 
specificity 98. 7% and diagnostic accuracy 98. 7%. For detecting significant stenosis 
in native coronary arteries, 64-slice MDCT had a sensitivity of 80.0%, specificity 
of 90.8%, and a diagnostic accuracy of 87.1 %. 
Seventeen patients (50.0%) did not need invasive treatment, 14 patients (41.2%) 
underwent a percutaneous coronary intervention (PCI), and 3 patients (8.8%) 
underwent surgery. Treatment advice based on 64-slice MDCT was correct in 
88.2% of patients and when 64-slice MDCT results would have been known 58.8% 
of diagnostic CAG procedures could have been prevented. 
In conclusion, 64-slice MDCT has a high diagnostic accuracy in detecting bypass 
graft stenosis and occlusions, and 64-slice MDCT based treatment advice was 
correct in 88.2% of patients. 
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Introduction 

The recurrence of angina after coronary bypass surgery appears within one year 
in 24 % of patients and in more than 40% of patients within six years. 1 

Progression of the atherosclerotic process in the native coronary arteries and graft 
occlusion are often the origin for recurrence of symptoms. Graft occlusion occurs 
mainly in vein grafts, whereas arterial grafts remain mostly patent. For vein 
grafts, an occlusion rate of 19% of the grafts has been reported within the first 
postoperative year and an occlusion rate of more than 50% in 15 years after 
coronary surgery. 2-5 In general, arterial grafts remain free from occlusion; an 
occlusion rate of 10% has been reported for the internal mammary artery 10  
years post implantation.2-5 Although invasive coronary angiography (CAG) has 
been considered as the gold standard for evaluation of coronary artery and bypass 
graft stenosis, it is a complicated invasive procedure in postoperative patients with 
diffusely diseased coronary arteries and degenerated bypass grafts. Promising 
results for bypass patency evaluation were reported with the first multi-detector 
computed tomography (MDCT) scanners. However, still a high percentage of 
unevaluable bypass grafts and distal anastomoses were encountered.6 Nowadays, 
64-slice MDCT has emerged as an important non-invasive diagnostic modality 
with a high sensitivity and specificity (73-94% and 97%, respectively) compared 
to CAG for detecting significant stenosis in native coronary arteries in patients 
with suspected or proven coronary artery disease.7' 8 The improved temporal 
resolution of the 64-slice MDCT scanner compared to the earlier MDCT scanners 
might be an advantage for evaluating distal anastomoses in bypass grafts. The 
diagnostic information such as patency and anatomy of the grafts obtained from 
64-slice MDCT may also allow the cardiologist to only catheterize those patients 
benefiting from percutaneous intervention (PCI) procedure and stent placement. 
This may result in less radiation exposure time, reduction of the use of contrast 
agent and less CAG related complications in patients undergoing CAG. 
No data have yet been reported on the advantages of the use of 64-slice MDCT in 
detecting bypass grafts patency in post-CABG patients with recurrence of angina. 
The purpose of this study is to assess the diagnostic accuracy of 64-slice MDCT in 
symptomatic patients after CABG and to explore the advantages of the 64-slice 
MDCT results on the CAG procedure. 

Materials and methods 

Patients 

From December 2004 until August 2005, 34 post-CABG patients (29 men, 5 
women, mean age 63 .5  ± 8.5 years) with recurrence of symptoms suspected for 
cardiac ischemia were included into a study protocol approved by our institutional 
review board. After informed consent was obtained patients underwent both a 
64-slice MDCT and CAG. The mean time between 64-slice MDCT and CAG was 
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Table 5.1: Bypass grafts characteristics 

Number of bypass grafts 
Arterial/ vein grafts 
Single/ sequential grafts 
Vascular territory perfused by grafts: 
LAD 
LCx 
RCA 

69 
52/17 
42/27 

53 (54%) 
22 (22%) 
24 (24%) 

Absolute numbers given, LAD; left anterior descending artery, 

LCx; left circumflex artery, RCA; right coronary artery 

4.6 days (range 0-40 days). Patients with irregular heart rate, haemodynamic 
instability, creatinine clearance below 70 ml/min ( calculated by the Cockcroft
Gault formula9 ) ,  hyperthyroidism, and known allergy to iodine contrast media 
were excluded from 64-slice MDCT examination. The mean time between 64-
slice MDCT and CABG surgery was 6.7 years, with a range of 1 month to 19 
years. 
In total, 42 single and 27 sequential grafts were examined including 99 distal 
anastomoses ( table 5.1). The 69 coronary artery bypass grafts consisted of 33 
left internal mammary artery (LIMA) grafts, 1 1  right internal mammary artery 
(RIMA) grafts, 8 gastroepiploic artery (GEA) grafts, and 17 vein grafts. All 
GEA grafts were single grafts. There were 13 sequential LIMA grafts, 1 sequen
tial RIMA graft and 12 sequential venous grafts. 

AIDCT data acquisition 

A retrospective ECG-gated 64-slice MDCT (Somatom Sensation 64, Siemens AG, 
Forchheim, Germany) was used. All patients were scanned using a slice collima
tion of 64 x 0.6 mm. A tube voltage of 120 kV, a fixed pitch at 0.20, and a tube 
current of 770-790 mAs was used. An additional non-triggered scan at inspiratory 
breath-hold was made immediately after the triggered heart scan at the tail of 
the contrast bolus to evaluate the complete route of the grafts and to exclude 
retrograde filling of the bypass. An occlusion at the origin or in the proximal 
bypass graft and the presence of contrast in the distal bypass graft would lead 
to the conclusion of retrograde filling. During the non-triggered scan, arteries 
and grafts were still filled with contrast, therefore, no additional contrast agent 
was needed. The non-triggered scan protocol, as used in our hospital, was de
scribed earlier.10 For 64-slice MDCT a tube voltage of 120 kV and a tube current 
of 70 mAs were used. To detect the origins of the LIMA and RIMA grafts the 
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additional scan ranged from above the thorax aperture to the base of the heart. 
The additional scan continued up to the third lumbar spine when GEA graft was 
also present. Iomeprol 81.65 g/ 100 ml (Iomeron 400, Bracco, Italy) was used 
as non-ionic contrast agent, and 130-150 ml was injected through a 20 G venflon 
placed in a cubital vein. A 30 ml saline bolus chaser followed the contrast agent. 
The injection fl.ow rate was 4 ml/s. Patients with a heart rate above 80 beats per 
minute (bpm) were given beta-blockers before the 64-slice MDCT. 

MDCT data analysis 
The acquired 64-slice MDCT and ECG data were used for image reconstructions. 
Twenty reconstructions were made throughout the complete R-R interval with 
an interval of 5%. Up to three reconstructions were made, based on the best im
age quality and the least motion for the left anterior descending coronary artery 
(LAD), left circumflex artery (LCx) and right coronary artery (RCA) separately. 
All reconstructions were made by the same reviewer (RD) with 0. 75 mm slice 
thickness and 0.5 mm increment. The non-triggered scans were reconstructed 
with 2.0 mm slice thickness and 1.0 mm slice increment. All images were evalu
ated on a Vitrea work station (Vitrea 2, Vital Images, Plymouth, MN). 
Two reviewers (RD, TPW) in consensus evaluated the axial images, three- dimen
sional (3D) reconstruction, and vessel tracking, for the existence of significant 
stenosis (2'.: 50% lumen reduction) or occlusions in native coronary vessels and 
bypass grafts. Both reviewers were blinded from CAG results. 
Bypass grafts were divided into segments. The course of the graft from its origin 
up to and including the first anastomosis was regarded as one segment (proximal 
graft body). If one graft had more recipient vessels (sequential grafts) , the course 
of the graft from the first anastomosis up to and including the second anastomosis 
was regarded as a separate segment ( distal graft body), and so on. The recipient 
vessels were analysed separately from the bypass graft and were analysed together 
with the other native vessels. Proximal segments of native coronary arteries re
ceiving a graft were not included in the assessment since they contain known 
significant stenosis. Of all native coronary arteries, left main artery (LM), LAD, 
LCx and RCA were analysed on the presence of significant stenosis (2'.: 50% lumen 
reduction). All graft bodies were evaluated on patency and significant stenosis 
(2'.: 50% lumen reduction). The grafts bodies were diagnosed as patent when con
trast was seen from the origin to the anastomosis and distal from the anastomosis. 

Invasive coronary angiography 
CAG was performed through a femoral approach including selective catheteri
zation of the grafts or graft stumps. Ionic contrast 320 mgI/ml (Hexabrix 320 
Guerbet, France) was used (5-10 ml per run). At least two orthogonal views were 
obtained for each vessel. 
Retrospectively, all CAG films were screened by an experienced cardiologist (RAT) 
blinded for the 64-slice MDCT results and for the diagnosis of the cardiologist, 
who had performed the CAG. All angiograms were screened for stenotic lesions 
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(� 50-99% lumen reduction) and occlusion in the bypass grafts and native ves
sels. Graft bodies were diagnosed as patent when contrast with antegrade flow 
was seen in the graft body proximal as well as distal from the anastomosis. The 
total number of runs, number of inadequate runs, procedure time and amount of 
contrast used was documented. Treatment was decided based on the initial CAG 
findings and discussed within a multidisciplinary team consisting of a cardiologist, 
an interventional cardiologist and a cardiothoracic surgeon. When CAG findings 
were inconclusive additional test including 64-slice MDCT results were used to 
take a decision. 

Statistical analysis 

Continuous data are expressed as mean ± standard deviation (SD). Accuracy of 
stenosis detection on 64-slice MDCT is described as sensitivity, specificity, positive 
predictive value (PPV), negative predictive value (NPV) and diagnostic accuracy 
using invasive coronary angiography as reference standard. Calculations were 
performed using SPSS 12.0 for Windows and Microsoft Excel 2002. 

Results 

All 64-slice MDCT scans were performed without complications. A mean of 148 
ml (±17) of contrast agent was used during scanning. Mean time to complete 
the scan was 20.2 s (±3.4). No additional beta-blockers were given in prepara
tion of the scan. Mean heart rate during scanning was 61 bpm (±9). It was not 
possible to retrieve information of the actual radiation dose during scanning in 
these patients retrospectively. From calculations based on the used scan protocol, 
including the non-triggered scan, it can be estimated that the radiation dose lies 
between 20-21 mSv. 
Procedure time, radiation exposure, and amount of contrast used during a diag
nostic CAG depend on the experience of the interventional cardiologist and coro
nary anatomy of the patient. During diagnostic CAG, a total of 389 runs were 
performed in 34 patients (mean number of runs per patient 11.4 ± 3.1). Forty 
inadequate runs (10.3%) were counted. The radiation exposure and the amount 
of contrast agent used during a diagnostic CAG depend on the type and number 
of bypass graft present. For a diagnostic CAG, the average radiation exposure 
and the amount of contrast agent used for evaluation of a LIMA grafts was 0.6-
2.4 mSv and 30-70 ml, respectively, for two grafts it was 0. 7-4.8 mSv and 50-100 
ml, respectively, and for a LIMA, RIMA and GEA graft it was 1.0-2.0 mSv and 
70-250 ml, respectively. The mean procedure time for all diagnostic CAGs was 
35.3 min (±21.8). Diagnostic CAG led to complications in two patients (5.9%) 
both resulting in a prolonged hospitalization. One patient developed a retroperi
toneal haematoma not requiring a blood transfusion and the other developed a 
false aneurysm of the femoral artery which did not require surgery. 
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Evaluable bypass grafts and anastomoses 

In 34 patients, 69 proximal graft bodies and 30 distal graft bodies were found. 
All 69 proximal grafts bodies were evaluable on 64-slice MDCT. Of the 30 dis
tal graft bodies, 26 (86.6%) were evaluable. Four distal graft bodies could not be 
evaluated because of poor opacity (n= 1), metal and motion artefacts (n= 2) ,  and 
vessel smaller than 1.5 mm (n= 1). All major native coronary arteries except the 
artery segments which have been bypassed were included and could be evaluated 
on 64-slice MDCT. In four patients (11.8%) one bypass graft or coronary artery 
could not be fully evaluated by 64-slice MDCT. 
On CAG, 62 of the 69 proximal grafts bodies (89.9%) and all 30 distal graft bodies 
were evaluable. Seven bypass grafts, all single GEA grafts, were unevaluable on 
CAG due to nonselective contrast injection in five grafts and insufficient contrast 
injection in two grafts. Of the 136 native coronary arteries, four could not be 
assessed by CAG due to insufficient contrast injection or insufficient display on 
the coronary angiography films. 

Patency proximal graft bodies 

Of the 62 proximal graft bodies which were evaluable on CAG, 64-slice MDCT 
showed 55 open graft bodies and seven occluded graft bodies. This was confirmed 
by CAG. Occlusions were detected in four arterial grafts and three venous grafts. 
This results in a sensitivity and specificity of 100% (table 5.2). In a proximal 
RIMA graft body with an anastomosis on the marginal branch both CAG and 
64-slice MDCT showed a significant stenosis. 

Patency distal graft bodies 

Of the 30 distal graft bodies on CAG, 64-slice MDCT correctly diagnosed seven 
occluded graft bodies and 19 open graft bodies. The four non-evaluable graft 
bodies on 64-slice MDCT were assumed to be open when comparing CAG with 
64-slice MDCT. This results in a sensitivity and specificity of 100%. Sensitivity 
and specificity is 100 and 83.0%, respectively, when assuming these four graft 
bodies to be occluded on 64-slice MDCT. 
On 64-slice MDCT, three significant stenoses were detected. CAG confirmed the 
significant stenoses in two cases. This resulted in a sensitivity of 100%, a speci
ficity of 95.2%, and a diagnostic accuracy of 95.7% for stenosis detection (table 
5.2). The occlusions and significant stenoses were all found in venous graft bodies. 

Patency all graft bodies 

Of the 92 graft bodies evaluable on CAG, CAG diagnosed 78 as open and 14 as 
occluded. Of the 78 open graft bodies three contained a significant stenosis on 
CAG. Evaluating all 92 proximal and distal graft bodies 64-slice MDCT had a 
sensitivity, a specificity, and a diagnostic accuracy of 100% for occlusion detec
tion. For stenoses detection sensitivity was 100%, specificity 98.7% and diagnostic 
accuracy 98.7% (table 5.2). 
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Table 5 .2 :  Accuracy of 64-slice MDCT for the assessment of CABG 
occlusion and significant stenosis detection 

Proximal graft bodies Distal graft bodies All graft bodies 
N= 62 N=30 N= 92 

Occlusion Stenosis Occlusion Stenosis Occlusion Stenosis 

Sens. (%) 100 (7 /7) 100 ( 1/ 1 ) 100 (7 /7) 100 (2/2) 100 ( 14/ 14) 100 (3/3) 
Spec. (%) 100 (55/55) 100 (54/54) 100 (23/23) 95 . 2  (20/21 ) 100 (78/78) 98.7 (74/75) 
PPV (%) 100 (7 /7) 100 ( 1/1 ) 100 (7 /7) 66.7 (2/3) 100 ( 14/14) 75.0 (3/4) 
NPV (%) 100 (55/55) 100 (54/54) 100 (23/23) 100 (20/20) 100 (78/78) 100 (74/74) 
Diagnostic accuracy (%) 100 (62/62) 100 (55/55) 100 (30/30) 95.7 (22/23) 100 (92/92) 98. 7 (77 /78) 

Sens; sensitivity, Spec; specificity, PPV; positive predictive value, NPV; negative predictive value 
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Stenosis detection in native coronary arteries 

All native coronary arteries have been evaluated and a vessel based analysis (LM, 
LAD, LCx, and RCA) has been performed for the stenosis detection. Of the total 
136 native coronary arteries, four could not be assessed by CAG. Of the 132 na
tive coronary arteries 64-slice MDCT correctly diagnosed 36 significant stenosis 
and 79 non-stenotic arteries. This resulted in sensitivity of 80.0%, specificity of 
90.8%, and a diagnostic accuracy of 87. 1 % for stenosis detection. 

Interventions 

Based on diagnostic CAG, 17 patients (50%) received medical treatment and 14 
patients ( 41 .2%) underwent a percutaneous coronary intervention (PCI) .  Three 
patients (8.8%) underwent surgery which was not related to bypass graft dysfunc
tion. 
Fourteen of the 1 7 patients not needing an intervention had open bypass grafts on 
both CAG and 64-slice MDCT. 64-slice MDCT showed in one open bypass graft 
a significant stenosis which was not confirmed on CAG. In three patients the by
pass graft was occluded on CAG however , in the absence of ischemia (n= 2)  and 
revascularization options ( n= 1 )  medical treatment was given. 64-slice MDCT 
correctly detected two bypass occlusions and missed one occlusion because the 
bypass graft was not evaluable. 
In 14 patients 19 PCI's were performed. 64-slice MDCT correctly identified 15  
PCI sites in  12  patients. In  two patients who underwent multiple PCI's, 64-slice 
MDCT diagnosed one of the lesions as non-significant ( <50% lumen reduction) 
and correctly identified the other lesions. In two other patients 64-slice MDCT 
could not evaluate distal graft bodies. In one patient a calcified plaque was visible 
but the degree of stenosis could not be assessed because of motion artefacts. In 
another patient a significant stenosis in a stent with poor contrast filling distal 
from the stent could not be ruled out . On CAG this patient appeared to have an 
in-stent re-stenosis. In 1 1  patients PCI was performed during the CAG procedure 
and in three patients electively. One patient underwent balloon dilatation of a 
venous anastomosis on the marginal branch. In the other 13 patients, 18 stents 
were placed. Five stents in or nearby the distal anastomosis of a bypass graft (3 
venous grafts, 1 LIMA graft, 1 RIMA graft) and 13 stents were placed in a native 
coronary artery. 
In three patients with symptoms suggestive of recurrent angina pectoris, all by
pass grafts were open on both CAG and 64-slice MDCT. Additional findings on 
64-slice MDCT, however,  formed an indication for surgery. One patient under
went a re-thoracotomy two years after CABG, to release pressure on the right 
ventricle caused by an old pericardia! haematoma. Another patient suffered from 
constrictive pericarditis ten years after CABG and underwent a pericardiectomy. 
The third patient suffered from pericardia! fluid four months after CABG which 
was relieved by a partial pericardia! resection. 
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Table 5.3: Therapy advice 64-slice MDCT versus CAG 

CAG 
No intervention PCI Surgery Total 

64-slice MDCT 
No intervention 15 0 0 15 
PCI 1 12 0 13 
Surgery 0 0 3** 3 
Not evaluable 1 2 0 3 
Total 17 14 3 34 

** therapy based on CAG and additional tests, including MDCT 

Tl1erapy advice based on MDCT 
Therapy advice based on 64-slice MDCT would have been correct in 30 out of the 
34 patients (88.2%) (table 5.3). Of the 17 patients not needing an intervention, 64-
slice MDCT results would have led to a correct therapy advice in 15 patients. PCI 
would have been advised in one patient based on 64-slice MDCT results because 
of a significant stenosis. In another patient 64-slice MDCT was inconclusive. 
Of the 14 patients needing a PCI, 64-slice MDCT would have led to a correct 
therapy advice in 12 patients and would have been inconclusive in two patients. 
In all three patients who needed surgery, 64-slice MDCT correctly excluded bypass 
occlusion and established the indication for surgery. 
In 18 out of the 20 patients not needing PCI, 64-slice MDCT would have given 
the correct therapy advice. If 64-slice MDCT results would have been known 
diagnostic CAG would not have been necessary anymore in 52.9% of patients. In 
two additional patients who underwent elective PCI, a second CAG could also 
have been prevented if 64-slice MDCT results would have been known. In total 
20 diagnostic CAG procedures (58.8%) could have been prevented with the use 
of 64-slice MDCT. 

Discussion 

64-slice MDCT showed a high sensitivity and specificity for occlusion detection 
(both 100%) and a high sensitivity and specificity for stenosis detection (100% 
and 98.1 %, respectively) in all grafts bodies. The results for the occlusion detec
tion are comparable with those in literature, in which a sensitivity of 93-100% 
and a specificity of 98 100% are reported. 6, l l ,  12  

In four studies, in which a separate analysis for stenosis detection was made, only 
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62% to 67% of bypass grafts were evaluable on the 4-slice MDCT and 75% to 
80% on the 16-slice MDCT.6 , 1 1 •  13, 14 On the 64-slice MDCT we could evalu
ate all patent graft bodies for stenosis detection. The sensitivity (100%) and the 
specificity (95%) of stenosis detection on the 64-slice MDCT is also higher than for 
the 4-slice MDCT and 16-slice MDCT (75-80% and 85-96%, respectively) .6, 1 1 , 13  

The higher number of evaluable bypass grafts and the improved sensitivity and 
specificity for stenosis detection of the 64-slice MDCT compared to earlier MDCT 
scanners is due to the higher temporal and spatial resolution of this scanner. The 
reasons for unevaluability on the 4-slice and 16-slice MDCT are artefacts due to 
respiratory motion, surgical clips, and cardiac motion, especially for grafts with 
anastomoses to the lateral and inferior wall. 6, 1 1  With the use of a 64-slice MDCT 
scanner these factors lead less often to unevaluable images. Severe calcifications 
in native coronary arteries are causing blooming artefacts even on the 64-slice 
MDCT. Therefore, quantification of stenosis in severe calcified native coronary 
arteries is still difficult and often causing an overestimation of the stenosis. 
Since venous grafts have a higher occlusion rate compared to arterial grafts there 
is a trend towards completely arterial revascularization. 1 ' 3 , 15 GEA grafts are 
therefore widely used as a second or third graft conduit to the internal mammary 
artery.15-1 7  It is also known that selective catheterization of the gastroduodenal 
artery (GDA) is essential for a clear visualization of GEA grafts. 18 This however, 
is complicated by vessel anatomy, which requires a catheter to pass sharp curves 
to reach the ostium of the GDA. Both the femoral and the brachial approach 
have their limitations and with both approaches the GEA graft can not always 
be visualised with CAG. 15 , 1 8  In our study seven GEA grafts were unevaluable on 
CAG due to non-selective catheterization of the grafts. Compared to CAG, all 
GEA grafts were evaluable on 64-slice MDCT. Using the scan protocol of Dorgelo 
et al., GEA grafts can be visualized by a non-triggered scan from the base of the 
heart up to the third lumbar spine with only 2 to 3 mSv radiation exposure.10 

In this study treatment advice based on 64-slice MDCT would have been correct 
in 88.2% of patients and when 64-slice MDCT results would have been known 
58.8% of CAG procedures could have been prevented. In the future, non-invasive 
coronary CT angiography might be used as a first line diagnostic tool for graft 
patency. CAG should only be performed after coronary CT angiography when 
grafts are occluded or stenotic and when PCI is needed as part of the therapy. 
PCI procedures can by this means be planned more carefully and some complica
tions might be avoided. Also, when doubt about patency or function of the bypass 
graft exists or coronary CT angiography is inconclusive, CAG can be performed. 
A drawback of this approach is the high radiation exposure of 64-slice MDCT 
compared to diagnostic CAG. 19 Especially when 64-slice MDCT is inconclusive 
and an additional diagnostic CAG should be performed, the patient is exposed 
to a high radiation dose. When weighing the risks of these medical procedures, it 
is important to consider the overall risk of the respective procedures. The risks 
of a higher radiation exposure in an older patient population during non-invasive 
coronary angiography should be weighed against the higher incidence of compli-
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cations of diagnostic CAG.20 , 21 With the technical improvements of the latest 
CT scanner, the dual-source computed tomography (DSCT), the radiation dose 
is expected to be significantly lower compared to the 64-slice MDCT.22, 23 With 
DSCT the balance can be in favour of non-invasive coronary CT angiography. 
Surgery was performed in three patients, but no re-CABG was done. The in
dication for surgery was based on 64-slice MDCT results. The surgeon used 
64-slice MDCT to plan the best surgical approach in all three cases. However, 
for re-CABG in our clinic surgeons still use CAG results for planning the surgical 
procedure in particular to decide on the target sites for distal anastomoses. It is, 
however, known that CAG may provide inadequate information to avoid injury 
during sternal re-entry to cardiac structures and bypass grafts which might ad
here posterior to the sternum. 24 

In literature, the importance of 16-slice MDCT prior to repeated heart surgery 
has been addressed and has in some clinics already been implemented.25 27 64-
slice MDCT shows accurately the bypass grafts and coronary structures essential 
for planning surgery. 64-slice MDCT is also essential in the preoperative risk 
assessment of, especially, the elderly patient. Patients with aortic atherosclerotic 
disease are at high risk of perioperative stroke. An alternative surgical approach 
during heart surgery, for instance by avoiding the use of a heart-lung pump, can 
then be chosen and this may prevent stroke. 27 In addition, information about the 
aortic valve can be obtained when aortic valve disease is present and it can be 
repaired in the same session as the re-CABG intervention. 28 

Limitations 

Because of the design of this study we can not make statements on the amount of 
contrast agent, radiation exposure, and procedure time that could have been re
duced if 64-slice MDCT results were known before CAG. Furthermore, we do not 
know whether complications could have been prevented. A prospective study has 
to be conducted in which the 64-slice MDCT results will be known to the cardiol
ogist to show how many CAG procedures can be prevented and how many bypass 
grafts are no longer catheterized by this approach. Furthermore, the reduction 
of the amount of contrast, radiation exposure, procedure time, and complication 
rate by the use of 64-slice MDCT prior to CAG can be explored more extensively. 

Conclusion 

In conclusion, 64-slice MDCT has a high diagnostic accuracy in detecting bypass 
graft stenosis and occlusions. In this study treatment advice based on 64-slice 
MDCT was correct in 88.2% of patients and when 64-slice MDCT results would 
have been known 58.8% of diagnostic CAG procedures could have been prevented. 
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Abstract 

Purpose: To assess the influence of temporal resolution on image quality of com
puted tomographic ( CT) coronary angiography by comparing 64-slice dual-source 
CT (DSCT) and single-source CT (SSCT) at different heart rates. 
Materials and methods: An anthropomorphic moving heart phantom was scanned 
at rest, and at 50 beats per minute (bpm) up to 110 bpm, with intervals of 10 
bpm. Three-dimensional volume rendered images and curved multi-planar recon
structions (MPRs) were acquired and image quality of the coronary arteries was 
rated on a 5-points scale (1= poor image quality with many artefacts, 5= excel
lent image quality) for each heart rate and each scanner by 3 observers. Paired 
sample t-test and Wilcoxon Signed Ranks test were used to assess clinically rele
vant differences between both modalities. 
Results: The mean image quality scores at 70, 100 and 110 bpm were significantly 
higher for DSCT compared to SSCT. The overall mean image quality scores for 
DSCT (4.2 ±0.6) and SSCT (3.0 ±1.1) also differed significantly (p< 0.001). 
Conclusion: These initial results show a clinically relevant overall higher image 
quality for DSCT compared to SSCT, especially at heart rates of 70, 100 and 110 
bpm. With its comparatively high image quality and low radiation dose, DSCT 
appears to be the method of choice in CT coronary angiography at heart rates 
above 70 bpm. 
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Introduction 

Technical developments in computed tomography ( CT) resulted in the introduc
tion of multi-detector computed tomography (MDCT) in 1999.1 Since then, the 
increased number of detectors has enabled us to scan large volumes with thin 
slices within a single breath-hold. Spatial resolution has improved from 0.9 to 1.0 
mm for 4-slice MDCT to an isotropic resolution of 0.4 mm for 64-slice MDCT.2 

Further advances included the use of decreased rotation times and multi-segment 
reconstruction techniques enhancing temporal resolution, but for optimal image 
quality it was still necessary to lower the heart rate and carefully select the re
construction window. 3-8 
The recently introduced 64-row dual-source CT (DSCT) establishes a temporal 
resolution of 83 ms by using two x-ray tubes at a 90 degree angle. Theoretically, 
in two-segment reconstruction the temporal resolution should even drop to 42 ms 
at certain heart rates. In clinical practice temporal resolution in two-segment re
construction is not constant due to variations in patient's heart rate.81 9 Temporal 
resolution as a function of heart rate exhibits a saw tooth pattern (figure 6.1).8 

Single-segment reconstruction is currently used in DSCT, considering that it is 
expected to provide sufficient temporal resolution at all heart rates. 9 The spatial 
resolutions of 64-row DSCT and single-source CT (SSCT) are equal since both 
systems use the same type of detector. Improved temporal resolution in DSCT 
compared with SSCT, theoretically allowing for DSCT scanning of patients with 
heart rates above 65 beats per minute (bpm), therefore is the main difference 
between both scanners. 
The first groups using DSCT reported promising results and showed diagnostic 
image quality of the coronary artery pathology in patients with heart rates up to 
90 bpm even when coronary arteries were heavily calcified.9-12 However, these 
preliminary reports did not systematically evaluate the influence of heart rate on 
image quality. 
The aim of this study is, therefore, to investigate the influence of temporal res
olution on image quality of CT coronary angiography by comparing the image 
quality on DSCT and SSCT at different heart rates. An anthropomorphic mov
ing heart phantom is used in order to compare image quality on both systems at 
the same heart rates. 

Materials and Methods 

Heart phatlwm 
An anthropomorphic adjustable moving heart phantom (Limbs & Things, Bristol, 
UK) was used extended with an aortic arch model including the left anterior de
scending (LAD) artery, right coronary artery and left circumflex artery (Elastrat, 
Geneva, Switzerland) (figure 6.2). 

117 



Chapter 6 

0,30 -.---------------------,.---------------------

0.25 +----------------.-------------------

� 0,20 -+------------------------------
<:: 
.2 

� 0, 1 5 

� 0.1 0 

�-
-

-
----

,.-✓ 
./" 

0.00 +---------r------r-----,-------,------,---------,c--------r--------i 
40 50 60 70 80 90 1 00 1 1 0 1 20 

Heart rate (bpm] 

Figure 6.1: Temporal resolution (in seconds) as a function of heart rate (beats 
per minute, bpm). Single-segment reconstruction mode light grey dotted line) 
and two-segment reconstruction mode (light grey saw tooth) for the SSCT, and 
single-segment reconstruction mode ( dark grey dotted line) and two-segment re
construction mode (dark grey saw tooth) for the DSCT. The length of TP interval 
in the RR-cycle is shown (black line) as a function of heart rate. 

The heart phantom was placed on top of two elastic bands, which enabled the 
heart to move freely in space. The coronary arteries were fixed to the myocardial 
wall of the heart phantom by an elastic strap. It has been shown that the mov
ing heart and the coronary artery phantom simulate the movement of the human 
heart with the coronary arteries. 5 In our study only the LAD was used because 
its movement showed the highest mean velocity of all coronary arteries on the 
phantom and in a moving pattern corresponding best to human coronary arteries 
as was previously shown in a clinical evaluation. 5 

The heart phantom was connected to a respirator to control the heart rate. The 
heart was scanned at rest (0 bpm) and with heart rates ranging from 50 up to 
1 10 bpm, with intervals of 10 bpm. To assure an equal expansion of the heart 
at the different heart rates, the respirator was set to a fixed breathing volume of 
80 ml. The respirator also generated a trigger signal which enabled synchronized 
ECG gating of the CT unit with the movement of the heart phantom. 
Iopromide 623 mg/ml (Ultravist 300, Schering, Switzerland), diluted with water 
(3.5: 100) in order to obtain a CT attenuation value of 250 Hounsfield Units, was 
injected into the LAD. Careful checking that no air was injected and the release 
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F igure 6.2: The anthropomorphic heart phantom. 

of air when necessary, assured homogeneous filling of the arteficial coronary artery 
with this contrast solution without noticeable presence of air bubbles. 

Scanning protocol 

Scans were performed on a DSCT (SOMATOM Definition, Siemens Medical Solu
tions, Forchheim, Germany) and on a SSCT (SOMATOM Sensation 64, Siemens 
Medical Solutions, Forchheim, Germany). The heart phantom was scanned cran
iocaudal in both scanners in the same position. 
DSCT was performed using a beam current of 300 mAs/ rotation, a tube voltage 
of 120 kV, and a rotation time of 330 ms. Collimation was 0.6 mm, slice acquisi
tion 64 x 0.6 with a pitch ranging from 0.2 to 0.5 depending on heart rate. Before 
reconstruction of the raw data, the data set with the least motion artefacts was 
selected using 20 preview series at intervals of 5 % throughout the RR interval. 
For all heart rates, data at 70% of the RR interval showing minimal motion were 
reconstructed using a standard B26f Heart View Smooth kernel with 0.6 mm slice 
thickness and a 0.4 mm reconstruction increment. 
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Table 6 .1: Definition of image quality scores 

Score Definition of image quality 

1 Image with step artefacts and/or stripes throughout the 
image limiting evaluation of the coronary artery and 
pericardium 

2 Image with step artefacts and/or stripes in part of the image 
that result in limited evaluation of the coronary artery and 
pericardium 

3 Image with step artefacts and/ or stripes which have minor 
implication on the evaluation of the coronary artery and 
pericardium 

4 Image with minor motion artefacts not hampering the 
evaluation of the coronary artery and pericardium 

5 Excellent image quality without motion artefacts 

SSCT was performed using a beam current of 770 mAs ( approximately 460 
mAs/rotation), a tube voltage of 120 kV, a rotation time of 330 ms and a fixed 
pitch of 0.2. Slice acquisition was 64 x 0.6 and images were reconstructed using a 
standard B25f Heart View Smooth kernel with 0.6 mm slice thickness and a 0.4 
mm reconstruction increment. Again, the phase with the least motion was se
lected for reconstruction, using preview series as described for the DSCT. Images 
were reconstructed at 50% ( 0 bpm) , 80% ( 50 bpm) and 90% of the RR interval 
( all other heart rates). 
After reconstruction, a three-dimensional (3D) volume rendered image of the heart 
was made for each heart rate and each scanner using dedicated software ( Circu
lation, Siemens Medical Solutions, Forchheim, Germany), each time in the same 
position and orientation. The two stacks of 16 images were presented to 3 inde
pendent observers experienced in computed tomographic coronary angiography 
and blinded to scanner type and heart rate. The observers were asked to rate 
image quality for both the 3D volume rendered images and curved MPR images 
according to a predefined scoring scale of 1 to 5 (table 6.1). After a period of 3 
months all observers rated the images for a second time to establish intra-observer 
agreement. 

Radiation dose 

The effective radiation dose (E) in mSv was calculated using: E= CTDivol (mGy) 
x scan length (cm) x k.20 The tissue specific conversion coefficient k is 0 .017 mSv 
x mGy-1 x cm- 1 for the heart as given by Gerber et al .13 The CTDivol value, 
read from the scanner console, was specific for the scanning protocol used. The 
scan length depended on the length of the heart phantom (15 cm) and was equal 
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for both scanners. 

Statistics 

All image quality scores were plotted against heart rate for each modality and 
for each of the two different image types. The mean scores per heart rate were 
plotted together with the temporal resolution and heart rate. Inter- and intra
observer agreement was tested using a weighted kappa analysis using PAIRSect 
Version 1.24. Weighted kappa values between O and 0.40 were considered poor, 
0.41-0.60 moderate, 0.6-0.80 good and >0.81 as excellent. 14 Mean image quality 
scores ± standard deviation (±SD) were calculated. Clinically relevant differ
ences in overall mean image quality score and in mean image quality scores for 
the specific heart rates were assessed using a paired samples t-test and Wilcoxon 
Signed Ranks test (SPSS Version 14.0). Because at the initiation of this pilot 
study a quantitative zero hypothesis had not yet been established, the statistical 
significance of differences between paired samples had to be assessed rather than 
verification of an expectation of the image quality for DSCT being superior ( or in
ferior) to SSCT. Thus, a paired t-test was performed assuming clinically relevant 
statistical difference when the two tailed p-value was <0.05. 

Results 

In figures 6.3 and 6.4 some of the images are shown, which were presented to 
the observers. The image quality scores given by the different observers (table 
6.2) were consistent and varied in only 6% of the images (2 out of 32) with more 
than 1 point. Inter-observer agreement between observer 1 and 2 was poor with 
a weighted kappa of 0.40 (95% CI; 0.23-0.58), between observer 1 and 3 good 
(weighted kappa 0.62 (95% CI; 0.25-0.60)), and between observer 2 and 3 mod
erate (weighted kappa 0.47 (95% CI; 0.30-0.64)). Intra-observer agreement was 
good for all observers with a weighted kappa 0.71, 0.80, and 0.61 for observers 1, 
2, and 3, respectively. 
In figure 6.5 the mean image quality scores are plotted as a function of heart rate. 
In addition, the temporal resolution of the scanner is shown, to visualize possible 
relationships between image quality score, temporal resolution and heart rate. 
For DSCT the overall mean image quality score for 50 bpm and higher showed 
no clinically significant differences compared to the overall image quality at rest 
(p> 0.08). The image quality scores for different heart rates were stable and dis
played no significant change with increasing heart rate. The image quality scores 
of DSCT, therefore, appeared to have no specific relation with heart rate. For 
SSCT the mean image quality scores for the two different types of images were 
not significantly different (figure 6.5). Only for the images at 90 bpm the mean 
image quality score for the curved MPR images (image quality score= 2) is much 
lower compared to the mean image quality score for the 3D image (image quality 
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(a) {b) 

(c) (d) 

Figure 6.3: 3D volume rendered images of DSCT at 100 bpm (a) and 1 10 bpm 
(b) and SSCT at 100 bpm (c) 1 10 bpm (d), respectively. 
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(a) (b) 

(c) (d) 

Figure 6.4: Curved multiplanar reconstruction images of DSCT at 100 bpm (a) 
and 110 bpm (b) and SSCT at 100 bpm (c) and 1 10 (d) bpm, respectively. 
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score= 4). For SSCT the overall mean image quality scores for 50, 60, 80 and 90 
bpm showed no significant difference (p> 0.08) from the overall image quality score 
at rest. At 70, 100 and 110 bpm the image quality scores were significantly lower 
than the image quality score at rest (p= 0.02). Image quality scores of SSCT 
appeared not to relate to the heart rate, but at least to some extent relate to 
temporal resolution considering that a low image quality at 70 bpm corresponded 
to a relatively low temporal resolution for this specific heart rate. 
The overall mean image quality score of DSCT was significantly higher than the 
overall mean image quality score of SSCT (table 6.3). Upon considering the results 
obtained at different heart beats separately, it was found that the image quality 
at 70, 100 and 110 bpm was enhanced at DSCT compared to SSCT (p < 0.03). 

Table 6.2: Image quality scores for the different type of images and 
different heart rates in beats per minute (bpm) 

Heart rate (bpm) 
0 50 60 70 80 90 100 110 

3D volume rendered image 
DSCT 
observer 1 4 4 4 3 5 5 4 3 
observer 2 5 4 4 4 4 4 4 3 
observer 3 4 5 4 4 4 4 5 4 

SSCT 
observer 1 4 5 4 2 4 4 1 2 
observer 2 4 3 3 3 4 4 2 2 
observer 3 4 4 4 2 4 4 1 3 

Curved MPR image 
DSCT 
observer 1 4 3 5 4 4 4 4 4 
observer 2 5 4 5 4 5 5 5 5 
observer 3 4 4 5 4 4 5 4 4 

SSCT 
observer 1 4 4 3 2 4 1 1 1 
observer 2 4 3 4 3 4 3 2 2 
observer 3 4 3 3 2 3 2 1 2 
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Figure 6.5 :  Mean image quality scores plotted against heart rate in beats per 
minute (bpm) for 3D volume rendered images and the curved multiplanar re
construction images on DSCT ( a and b, respectively) and on SSCT ( c and d 
respectively). The scanner specific temporal resolution is also plotted against 
heart rate (black line for DSCT, grey saw tooth for SSCT). 
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Radiation dose 

In SSCT pitch was fixed at 0.2. Since the scanning protocol was equal for all scans, 
CTDivol was 59.5 mGy for all heart rates (table 6.4) . The effective radiation dose 
E was 15.18 mSv for all heart rates. 
In DSCT pitch depended on heart rate and ranged from 0.21 to 0.54 (table 6.4). 
With increasing heart rate, pitch increased and CTDivol decreased. A doubling 
of heart rate from 50 to 100 bpm, was paralleled by an even larger pitch increase 
(from 0.22 to 0.50) and a resulting reduction in CTDivol to less than half its value 
(77.4-34.1 mGy). Therefore, the effective radiation dose E varied between 19.7 
mSv at 50 bpm and 8.0 mSv at 110 bpm. 

Discussion 

This study assessed the image quality of DSCT coronary angiography and SSCT 
at different heart rates and showed the mean overall image quality score to be 
significantly different for DSCT compared to SSCT. Furthermore, it showed that 
for DSCT the image quality was stable and did not decline with increasing heart 
rates for both types of images. This is most likely explained by the heart rate 
independent temporal resolution of 83 ms. Reinmann et al. found similar results 
with significantly higher image quality for DSCT compared to SSCT at elevated 
heart rates.12 However, their study of only 4 different heart rates with steps of 
20 bpm does not allow for a thorough assessment of the relation between image 
quality and temporal resolution. 
SSCT uses a single-segment reconstruction for patients with a heart rate below 62 
bpm and enables a two-segment reconstruction for patients with heart rates above 
62 bpm. This results in a heart rate independent temporal resolution of 165 ms 
for heart rates ranging from 0 to 62 bpm, and a heart rate dependent temporal 
resolution for heart rates above 62 bpm as shown in figure 6.5. With the two
segment reconstruction the highest temporal resolution of 83 ms is reached only at 
specific heart rates. 5, 7 9 The optimal temporal resolution of 83 ms is theoretically 
obtained at 66, 81 and 104 bmp and the lowest temporal resolution of 165 ms is 
theoretically obtained at 73 and 91 bpm.5 ' 7 9 A recent study by Wintersperger 
et al. did not show a significantly improved image quality for a two-segment 
reconstruction.15 However, this was in patients who were divided into three dif
ferent heart rate groups. In their group analysis, improved image quality data 
in patients with specific heart rates have most probably been watered down, and 
thus turned insignificant, by adding data of patients with different, suboptimal, 
heart rates. 
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Table 6 .3 :  Mean image quality 

Heart rate DSCT SSCT p-value 

0 4.3 ± 0.5 4.0 ± 0 0 . 157 
50 4.0 ± 0.6 3 .7 ± 0.8 0 .414 
60 4 .5 ± 0.5 3 .5  ± 0.5 0 .063 
70 3 .8 ± 0.4 2 .3 ± 0.5 0 .024* 
80 4.3 ± 0.5 3 .8  ± 0.4 0 .083 
90 4.5 ± 0.5 3 .0 ± 1 . 3  0 .066 
100 4.3 ± 0 .5 1 . 3  ± 0.5 0 .024* 
110  3 .8 ± 0 .8  2 .0 ± 0 .6 0 .026* 
Overall 4 .2 ± 0 .6 3 .0 ± 1 . 1  <0.001* 

Numbers are given in  mean ± standard deviation, 

* clinically relevant statistical significant 

Table 6 .4: Mean effective radiation dose 

DSCT SSCT 
Heart rate Pitch CTDivol Effective Pitch CTDivol Effective 
(bpm) (mm) (mGy) dose (mSv) (mm) (mGy) dose (mSv) 

50 0.22 77.4 19 .7 0 .2 59 .5 15 .2 
60 0.27 63.0 16 . 1 0 .2 59 .5 15 .2 
70 0 .33 51 .6  13 .2  0 .2  59.5 15.2 
80 0 .37 46.0 1 1 .7 0 .2  59.5 15 .2  
90 0.43 39.6 10 . 1 0 .2 59 .5 15 .2 
100 0.50 34. 1  8 .7 0 .2 59 .5 15 .2 
110 0.54 31 .6  8 .0 0 .2 59 .5 15 .2 

Effective dose (mSv) = CTDivol (mGy) x scan length (cm) x k, scan length = 15 cm 

k = 0.017 mSv x mGy- 1 x cm- 1 
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In this study, using SSCT, a low image quality score was found at 70, 90, 100 
and 110 bpm compared to 0 bpm. The low image quality at 70 and 90 bpm cor
responds to the relatively low temporal resolution for these specific heart rates. 
For heart rates of 100 and 110 bpm the diastole is decreased, allowing the heart 
only a short period of relative rest for motion free data acquisition. At these high 
heart rates temporal resolution needs to be high enough for enabling complete 
data acquisition in the short diastole. 
Surprisingly, the relatively low image quality score at 90 bpm for SSCT only ap
plies to the curved MPR image and not for the 3D volume rendered image. The 
limited number of observers and the variation in the image quality scores cannot 
explain this difference, since the variation in image quality scores was low and 
comparable for both image types. Also, the observers showed moderate to good 
agreement in their readings. Intrinsic characteristics of the two projection meth
ods might explain the differences in mean quality score. The 3D volume rendered 
images enhance details of the pericardium and the outside of coronary arteries, 
whereas the curved MPR images show the lumen of a coronary artery in more 
detail and do not particularly show the pericardium. Therefore, the curved MPR 
images might be more sensitive to motion artefacts in the coronary artery com
pared to the 3D volume rendered images. The curved MPR images, however, are 
used frequently in clinical practice to evaluate coronary artery stenosis in addition 
to the axial slices. The 3D volume rendered images, are less frequently used for 
clinical decision making. Therefore, the lower score of the curved MPR images 
may be considered to be more relevant for clinical practice than the results of the 
3D volume rendered image. 
The lower image quality scores for SSCT are the result of more pronounced and 
more numerous steps compared to DSCT. Stair step artefacts arise from slightly 
different positions of the heart or its structures in subsequent heart beats. Since 
SSCT used a two-segment reconstruction for heart rates above 62 bpm, an ad
ditional step artefact may have been introduced. Therefore, the image slabs 
between two stair step artefacts of DSCT, which uses only a single-segment re
construction, are twice as wide as the image slabs of SSCT (figure 6.3). The use 
of beta-blocking agents therefore still is recommended prior to SSCT angiography 
in order to reduce the patient's heart rate. Beta-blocking agents may also be of 
benefit in patients with irregular heart rhythm, since heart rate variability has 
been shown to be strongly correlated with image quality. 16 

The effective radiation dose of MDCT increases with an increasing number of 
detectors and exceeds the approximate value of 5.6 mSv in conventional angiog
raphy.17· 18 The use of two x-ray tubes in DSCT, however, does not automatically 
imply higher effective radiation dose. Because of the increasing pitch, CTDivol 
is reduced. Doubling the heart rate from 50 to 100 bpm reduces the effective 
radiation dose of DSCT with more than half, without a significant reduction of 
image quality. At heart rates of 70 bpm and higher it was found, as in earlier 
findings, that DSCT has a lower effective radiation dose compared to SSCT for 
coronary CT angiography with a comparable scan protocol. 19 With the use of 
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additional dose reduction techniques such as ECG pulsing and targeted field of 
view cardiac beam shaping, radiation can be lowered even further. Therefore, ef
fective radiation dose can be almost as low as in conventional angiography. 13 , 19 , 20 

Limitations 

The 5-point scale used for evaluation of image quality is to somewhat subjective. 
This might be an explanation of the low inter-observer agreement . However, the 
5-point scale employed in this study is a well accepted scale enjoying widespread 
use. 16, 21-23 The position of the image reconstruction window in the cardiac cycle 
plays an important role in the resulting image quality of CT angiography. 4, 8 , 15 , 20 

We did not evaluate the influence of timing of the reconstruction interval within 
the RR interval. It would be interesting to further evaluate image quality at 
different reconstruction intervals throughout the cardiac cycle at different heart 
rates, since initial studies with DSCT reported diagnostic image qualities in both 
systolic and diastolic phase.8-10 

In our evaluation of image quality we only evaluated step artefacts and stripes. 
The influence of blurring on the diameter of the coronaries was not assessed. 
Measurements of coronary diameter compared to the actual size could be used 
as an indicator of blurring. This, theoretically, would show an increase in vessel 
diameter in case of blurring as a result of insufficient temporal resolution. 7 

Poor image quality will affect the performance of postprocessing software, in such 
a way that the automatic extraction of the complete coronary artery tree from 
the data set and the detailed evaluation fails.11 In clinical practice, image quality 
of CT angiography does not only depend on the presence of motion artefacts but 
also on the presence of heavy calcifications and metal clips or stents. More de
tailed investigations of the influence of these artefacts will be necessary in order 
to be able to fully assess the diagnostic role of DSCT in clinical practice. 
The number of scans and observations in this pilot study limits further statis
tical analysis of data. Therefore, more and repeated measurements with more 
observers, quantitive analysis of the images in terms of signal-to-noise ratio and 
contrast-to-noise ratio, and the inclusion of patient data are necessary to increase 
the statistical power of an analysis as presented here. 

Conclusion 

The present study shows higher overall image quality for DSCT coronary angiog
raphy compared to SSCT coronary angiography. In addition, image quality of 
DSCT is independent of heart rate. Image quality of SSCT is related to the scan
ner's temporal resolution. With its higher image quality and its requirement of a 
lower radiation dose, DSCT is preferable above SSCT in CT coronary angiography 
at heart rates above 70 bpm. 

129 



Chapter 6 

References 

(1] Ohnesorge B, Flohr T, Becker C, et al. (2000) Cardiac imaging by means 
of electrocardiographically gated multisection spiral CT: initial experience. 
Radiology 217:564-571. 

(2] Flohr TG, Schoepf UJ, Ohnesorge BM. (2007) Chasing the heart: new de
velopments for cardiac CT. J Thorac Imaging 22:4-16. 

(3] Leschka S, Alkadhi H, Plass A, et al. (2005) Accuracy of MSCT coronary 
angiography with 64-slice technology: first experience. Eur Heart J 26:1482-
1487. 

[4] Herzog C, Abolmaali N, Balzer JO, et al. (2002) Heart-rate-adapted image 
reconstruction in multidetector-row cardiac CT: influence of physiological 
and technical prerequisite on image quality. Eur Radiol 12:2670-2678. 

[5] Greuter MJ, Dorgelo J, Tukker WG, et al. (2005) Study on motion artifacts 
in coronary arteries with an anthropomorphic moving heart phantom on an 
ECG-gated multidetector computed tomography unit. Eur Radiol 15:995-
1007. 

[6] Ferencik M, Nomura CH, Maurovich-Horvat P, et al. (2006) Quantitative 
parameters of image quality in 64-slice computed tomography angiography 
of the coronary arteries. Eur J Radiol 57:373-379. 

[7] Flohr T, Ohnesorge B. (2001) Heart rate adaptive optimization of spatial 
and temporal resolution for electrocardiogram-gated multislice spiral CT of 
the heart. J Comput Assist Tomogr 25:907-923. 

[8] Greuter MJ, Flohr T, van Ooijen PM, et al. (2007) A model for temporal 
resolution of multidetector computed tomography of coronary arteries in re
lation to rotation time, heart rate and reconstruction algorithm. Eur Radial 
17:784-812. 

[9] Flohr TG, McCollough CH, Bruder H, et al. (2006) F irst performance eval
uation of a dual-source CT (DSCT) system. Eur Radiol 16: 256-268. 

[10] Achenbach S, Ropers D, Kuettner A, et al. (2006)Contrast-enhanced coro
nary artery visualization by dual-source computed tomography initial expe
rience. Eur J Radiol 7:331-315. 

[11] Johnson TR, Nikolaou K, Wintersperger BJ, et al. (2006) Dual-source CT 
cardiac imaging: initial experience. Eur Radiol 16:1409-1415. 

[12] Reimann AJ, Rinck D, Birinci-Aydogan A, et al. (2007) Dual-source com
puted tomography advances of improved temporal resolution in coronary 
plaque imaging. Invest Radiol 42:196-203. 

130 



Assessment of image quality 

[13] Gerber TC, Kuzo RS, Morin RL. (2005) Techniques and parameters for es
timating radiation exposure and dose in cardiac computed tomography. Int 
J Cardiovasc Imaging 21 : 165-176. 

[14] Landis JR, Koch GG. (1977) The measurement of observer agreement for 
categorical data. Biometrics 33: 159-174. 

[15] Wintersperger BJ, Nikolaou K, von Ziegler F, et al. (2006) Image quality, 
motion artifacts, and reconstruction timing of 64-Slice coronary computed to
mography angiography with 0.33-second rotation speed. Invest Radiol 41 :436-
442. 

[16] Leschka S Wildermuth S, Boehm T, et al. (2006) Noninvasive coronary an
giography with 64-section CT: effect of average heart rate and heart rate 
variability on image quality. Radiology 241 :368-665. 

[17] Coles DR, Smail MA, Negus IS, et al. (2006) Comparison of radiation doses 
from multislice computed tomography coronary angiography and conven
tional diagnostic angiography. J Am Coll Cardiol 47: 1840-1845. 

[18] Hausleiter J Meyer T, Hadamitzky M, et al. (2006) Radiation dose estimates 
from cardiac multislice computed tomography in daily practice: impact of 
different scanning protocols on effective dose estimates. Circulation 113 : 1305-
1310. 

[ 19] McCollough CH, Primak AN, Saba 0, et al. (2007) Dose performance of a 
64- channel dual-source CT scanner. Radiology 243:775-784. 

[20] Kopp AF , Schroeder S, Kuettner A, et al. (2001) Coronary arteries: ret
rospectively ECG-gated multi-detector row CT angiography with selective 
optimization of the image reconstruction window. Radiology 221 :683-688. 

[21] Hoffmann MH, Shi H, Manzke R, et al. (2005) Noninvasive coronary angiog
raphy with 16-detector row CT: effect of heart rate. Radiology 234:86-97. 

(22) Hong C, Becker CR, Huber A, et al. (2001) ECG-gated reconstructed multi
detector row CT coronary angiography: effect of varying trigger delay on 
image quality. Radiology 220:712-717. 

(23] Leschka S Husmann L, Desbiolles LM, et al. (2006) Optimal image recon
struction intervals for non-invasive coronary angiography with 64-slice CT. 
Eur Radiol 16: 1964-1972. 

131 





Chapter 7 

Accuracy of non- invasive coronary 

stenosis quantification of d ifferent 

commercial ly avai lable ded icated 

software packages 

JCA T 2008 (Accepted for publication} 



Chapter 7 

Abstract 

Purpose: to investigate the non-invasive quantification of coronary artery stenosis 
using cardiac software packages and vessel phantoms with known stenosis severity. 
Materials and methods: Four different size vessel phantoms were filled with 
contrast agent and scanned on a 64-slice multi-detector computed tomography 
(MDCT) .  Diameter and area stenosis were evaluated by two observers blinded 
from the true measures using five different software packages.  Measurements were 
compared to the true measure of the vessel phantoms. The absolute difference in 
stenosis measurements, intraobserver and interobserver variability were assessed. 
Results : all software packages show a trend towards larger differences for the 
smaller vessel phantoms. The absolute difference of the automatic measurements 
was significantly higher compared to the manual measurements in all five evalu
ated software packages for all vessel phantoms (p< 0.05) . 
Conclusion: Manual stenosis measurements are significantly more accurate com
pared to automatic measurements and, therefore, manual adjustments are still 
essential for non-invasive assessment of coronary artery stenosis. 
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Introduction 

Non-invasive testing as first step to identify patients at risk for coronary artery 
disease (CAD), is recommended by the ACC / AHA guidelines.1 With the rapid 
technological developments of multi- detector computed tomography (MDCT) 
and the introduction of dual-source CT, 320-slice scanners, and flat panel sys
tems, MDCT is nowadays gradually implemented in these guidelines for the non
invasive evaluation of coronary arteries. 2-6 

Together with these new scanners, dedicated software tools are being developed 
allowing quantification of coronary artery stenosis and detailed diagnosis of plaque 
morphology.7

• 8 Software packages offer CT images to be displayed in different 
planes, and to reconstruct three-dimensional (3D) volumes. 9 • 10 Dedicated car
diac software packages offer automatic vessel contour and vessel lumen detection, 
generating a cross-sectional multi-planar reformatted (MPR) image axial on the 
vessel lumen (CS-MPR) and multi intensity projection (MIP) images parallel to 
the long axis of the vessel. The 3D representation of the coronary arteries with 
CT has also enabled measurement of the coronary artery area stenosis beside the 
traditional coronary artery diameter stenosis. 
In many studies the diagnostic accuracy of the new scanners has been investi
gated, taking into account the scanning protocols and other factors influencing 
image quality, and diagnostic accuracy.11-13 In one study the difference in di
agnostic accuracy comparing standard projections versus user-interactive post 
processing was evaluated.14 To our knowledge, no studies are published so far 
which compared and evaluated the accuracy of different, commercially available, 
dedicated cardiac software packages. 
Therefore, the purpose of this study is to investigate the non-invasive detection 
and quantification of coronary artery stenosis using different commercially avail
able dedicated cardiac software packages using vessel phantoms with known di
mensions and stenosis severity. 

Materials and methods 

Phantom 

The accuracy of stenosis measurements of different commercially available dedi
cated cardiac software packages was assessed using four different size vessel phan
toms. Four plexiglas tubes with different diameters and an ideal (i.e. concentric) 
stenosis in different degrees were used as vessel phantoms. Table 7 .1  lists the exact 
measurements as given by the manufacturer (Medis medical imaging systems bv, 
Leiden, Netherlands). A contrast dilution was prepared with a mean attenuation 
of 250 Hounsfield Units (Iodixanol 320, 320 mgI/ mL, Visipaque 320, General 
Electric Healthcare). The lumen of the vessel phantoms were filled with the pre
pared contrast dilution. The four vessels phantoms were scanned separately on a 
64-slice MDCT scanner (Sensation 64, Siemens Medical Solutions, 
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(a) 

(b) (c) 

(d) 

(e) 

Figure 7 .1: Screen captures of cardiac software packages used (a) Syngo Circula
tion, (b) Vitrea, (c) Aquarius workstation, (d) Voxar 3D, (e) QAngio CT 
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Table 7 .1 :  True measure of the different vessel phantoms 

Phantom Reference Stenosis Stenosis Stenosis 
nr diameter (mm) diameter (mm) diameter (%) area (%) 

1 9 2.5 72 92 
2 6 4 33 55 
3 4 2 50 75 
4 2 1 50 75 

Forchheim, Germany) without motion. For scanning, a tube voltage of 120 kV 
and a tube current of 107 mAs was used. Reconstructions were made with 0. 75 
mm slice thickness and 0.4 mm increment using a medium sharp kernel. 
The four datasets were evaluated using five different software packages by two 
observers with experience in CT coronary angiography blinded from the real di
mensions of the vessel phantoms. Each stenosis measurement was repeated fifteen 
times. All measurements were performed twice by one observer for all software 
packages to establish the intraobserver variability. For interobserver variability 
assessment manual measurements of both observers were compared. Time be
tween the evaluations of the different software packages was at least one month 
to minimize dataset recognition and bias. 

Cardiac software packages 

Syngo Circulation (Siemens Medical Solutions, Forchheim, Germany, Syngo VE 
31E) (Syngo), Vitrea (Vital images, Inc., Minnesota, USA, version 4.0.0.0) (Vit
rea), Aquarius workstation (TeraRecon, Inc., California, USA, version 3.5.2.1) 
(Aquarius) , Voxar 3D (Barco N.V., Kortrijk, Belgium, version 6.3) (Voxar 3D), 
and QAngio CT (Medis Medical Imaging Systems b.v., Benelux, version 1.0.21.0) 
(QAngio) were used (figure 7.1) . With all software packages area and diameter 
stenosis could be assessed. Only Syngo was not able to assess area and diameter 
stenosis simultaneously and adjustments in the settings menu needed to be made. 
The vessel segmentation and centerline detection was performed completely au
tomatically in the software packages of Vitrea and Aquarius. 
Fifteen automatic measurements with no or the least possible adjustments and fif
teen manual measurements with all necessary manual adjustments were performed 
for each vessel and each software package. For the automatic measurements the 
default settings for window /level were used in all software packages ( 400 / 40 for 
Syngo; 1000/200 for Vitrea, 800/300 for Aquarius; 500/350 for Voxar 3D; 1024/0 
for QAngio). During manual measurements vessel contours were adjusted if nec
essary without changing window /level settings. The given diameter and area at 
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the side of stenosis and at the reference point were recorded together with the area 
and diameter stenosis expressed as percentages as given by the different software 
packages. All software packages used the same calculation method for diameter 
(7.1) and area stenosis (7.2). The diameter stenosis was calculated as: 

(7.1) 

in which Sn is the relative diameter stenosis (%) , Ds is the diameter at the 
stenosis, and DR is the reference diameter. 
The area stenosis was calculated as: 

SA = ( 1 - 1: ) * 100 (7.2) 

in which SA is the relative area stenosis (%), As is the area at the stenosis 
and AR is the reference area. 
The number of reference points and the type of measurement used for the stenosis 
calculation was different for each software package (table 7.2). 

Statistical analysis 

Calculations were performed using SPSS 14.0 for Windows and Microsoft Excel 
2003. Mean, standard deviation (SD), standard error and 95% Confidence Inter
val (CI) were calculated for all software packages and for each vessel phantom. 
Absolute differences between the true measure of the vessel phantom and the 
given measurements of the different software packages were calculated both for 
diameter (7.3) and for area stenosis (7.4). 

Absolute differenceniameter = I SnPhantom - Snsoftware I (7.3) 

Absolute differenceArea = I SAPhantom. - SAsoft ware I (7.4) 

in which s D Pha
n tom is the true diameter stenosis (%) and s A Ph an tom the true 

area stenosis (%) of the vessel phantom. 
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Table 7.2: Number of reference points and details on stenosis cal-
culation for the different software packages 

Syngo Vitrea Aquarius Voxar 3D QAngio 

Diameter stenosis 
No. of ref. points 2 1 1 1 Vessel contour 

Calculation Mean Minimum Single Single Average 

Area stenosis 
No. of ref. points 2 1 1 1 Vessel contour 

Calculation Mean Single NA Single Average 

Mean: mean of given measurements, minimum: minimal of given measurement, average: 

average of vessel contour, single: single given measurement, NA not available 

A multivariate analysis of variance with the ANOVA statistics was used to test 
for significant differences between the different software packages (SPSS 14.0.2 for 
Windows, SPSS Inc.). Intra- and interobserver variability was assessed using the 
Bland-Altman method. 15 A p value < 0.05 was defined as statistically significant. 

Results 

Diameter stenosis 

The mean of the diameter measurements for the different vessel phantoms were 
compared to the true measure of the vessel phantom as shown in figure 7.2. Mean 
difference and CI of the diameter stenosis measurements are given for all software 
packages; for the four different vessel phantoms and two different types of mea
surements separately (figure 7.2). The mean value of the automatic measurements 
with Syngo and manual measurements with Aquarius showed an overestimation 
of the diameter stenosis. The mean value of the automatic measurements with 
Aquarius and Voxar 3D showed an underestimation of diameter stenosis. For all 
software packages a trend towards larger differences and larger CI was seen with 
smaller vessel phantoms. 
The mean of the absolute difference between the true diameter stenosis of the 
vessel phantom and the stenosis measurements of the different software packages 
is shown in table 7.3. The mean of the absolute difference in diameter stenosis 
measurements is different for each software packages and between vessel phan
toms. For manual measurements, the mean of the absolute difference was lower 
and ranged between 3% and approximately 21 %. For automatic measurements, 
the mean of the absolute difference ranged between 5% and approximately 39%. 
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The mean of the absolute difference of automatic measurements was significantly 
higher compared to the manual measurements in all five evaluated software pack
ages for all vessel phantoms (p< 0.05 ) .  
Automatic measurements deviated significantly from the true diameter stenosis, 
except for Vitrea and QAngio for vessel 1 (p> 0.05) . Manual measurements of 
vessel phantom 1 showed only for Aquarius a significant difference in the diameter 
stenosis (p< 0 .05 ) .  All evaluated software packages showed for one or more vessel 
phantoms a significant difference in stenosis measurement (for p-values, see table 
7.3) . Syngo performed best , and showed only in 1 out of 4 vessel phantoms a 
significant difference. 

Area stenosis 
The mean area measurements for the different vessel phantoms were compared 
to the true measure of the vessel phantom and are shown in figure 7.3.  Mean 
difference and CI of the diameter stenosis measurements are given for all soft
ware packages (figure 7.3) . The mean value of the automatic measurements with 
Syngo and the manual measurements with QAngio showed an overestimation of 
area stenosis, those of Vitrea, Aquarius , and Voxar 3D showed an underestima
tion. The mean values of the manual measurements with Voxar 3D showed also 
an underestimation. For all software packages a trend toward larger differences 
and larger CI was seen with smaller vessel phantoms. 
The absolute difference between the true area stenosis of the vessel phantom and 
the measurements of the different software packages are shown in table 7.4.  The 
mean of the absolute difference in area measurements had a range of 2% to 35% 
for manual measurements and 4% to 47% for automatic measurements. The mean 
of the absolute difference of the automatic measurements was significantly higher 
compared to the manual measurements in all five evaluated software packages for 
all vessel phantoms (p< 0 .05 ) .  
Automatic measurements showed a significant difference from the true area steno
sis , except for Syngo in vessel 1 and 3, and for QAngio in vessel 1 .  Manual mea
surements of vessel phantom 1 ,  showed no significant difference compared to the 
true measure for all evaluated software packages. Syngo showed no significant 
difference in area measurements for all vessel phantoms. 

Intra- and interobserver variability 
Intra- and interobserver variability showed a mean difference of <5% for all soft
ware packages, both for diameter and area stenosis measurements (table 7.5 ) .  
None o f  the observers made systematic overestimations o r  underestimation. The 
standard deviation of the intra- and interobserver reliability was high, with ±28D 
up to 26%. 
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Table 7.3 :  Diameter stenosis; absolute difference between measure-
ments and true stenosis of the vessel phantom 

Automatic measurements Manual measurements 
Mean (%) SE p- value Mean (%) SE p- value 

Phantom nr 1 
Syngo 1 1 .4 4 .5  . 001 ** 3 .0 0 .4 .391 
Vitrea 6 . 1  1 .0 .084 3 .3 0 .5 .353 
Aquarius 38 .7  5 . 5  .000** 8 .3 0 .6 .018** 
Voxar 3D 28.0 1 . 3  .000** 5 .9 1 .9 . 091 
QAngio 5.8 3.0 .098 2 .9  0 .6  .401 

Phantom nr 2 
Syngo 7.4 2 .2  .001** 3 .6 0 .5 .099 
Vitrea 5 .4 1 . 0  .012** 6 .6 1 . 0  .003** 
Aquarius 14.4 2 .7  .000** 4 .5 1 . 1  .036** 
Voxar 3D 9.4 1 . 5  .000** 5 .8 1 . 5  .007** 
QAngio 6 .2  2 . 1  .004** 4.5 0.7 .037** 

Phantom nr 3 
Syngo 14.3 3.7 . 000** 4.0 1 . 3  . 192 
Vitrea 1 1 . 1  2 .0 .000** 5 .3 1 . 2  .087 
Aquarius 34. 2  3 .0  .000** 3.8 0.6 .213 
Voxar 3D 31 .3 2 . 2  . 000** 16 .0 2 .7 .000** 
QAngio 12 .5  2 .0  .000** 10 .7 2 .3  .001 **  

Phantom nr 4 
Syngo 27.0 4.6 .000** 10 .3 1 . 5  .009** 
Vitrea 8 .7 1 .6 .000** 19 .7  1 .4 .028** 
Aquarius 30. 1  2 .0  .000** 17 . 1 2 .3  .000** 
Voxar 3D 18 .4 3 .5 .000** 20 .8 3 .9 .000** 
QAngio 28 .6 3 .7 .000** 19.4 2.3 . 000**  

Mean: mean o f  the absolute difference i n  percentages, S E  standard error o f  the mean, 

** significant difference compared to the gold standard, the true measure of the 

vessel phantom 
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Table 7.4: Area stenosis; absolute difference between measurements 
and true stenosis of the vessel phantom 

Automatic measurements Manual measurements 
Mean (%) SE p- value Mean (%) SE p- value 

Phantom nr 1 
Syngo 3 .7 0.5 .291 2.7 0.0 .440 
Vitrea 8 .4 1 .2 .018** 1 .9 0 .4 .593 
Aquarius 40 .7 7.4 .000** 3 .9 0 .3 .268 
Voxar 3D 16 .3 1 .0 .000** 4 .0 1 .6 .257 
QAngio 4 .8 2 .7 . 173 1 . 6  0 .3 .655 

Phantom nr 2 
Syngo 2 1 .0 3 .5 .000** 2 .7 0 .8 .337 
Vitrea 7 .5 1 . 1  .009** 4 .8 0 .6 .092 
Aquarius 19 .0 3 .6 . 000** 6 .3 1 .7 .029** 
Voxar 3D 15 .2  2 . 1  .000** 9 . 1  2 . 2  .002** 
QAngio 7.3 2 .0 .011** 6 .0 1 .0  .037** 

Phantom nr 3 
Syngo 6 .3  1 . 2  .073 2.7 0.7 .448 
Vitrea 15 .2  3 .5  .000** 7 .6 1 .6 .032** 
Aquarius 47. 2  4.7 .000** 3 .6  0 .5  .304 
Voxar 3D 31 . 2  3 . 1  .000** 17.5 2 .9 .000** 
QAngio 1 1 . 1  1 .4 .002** 12 .5 2 .6 .000** 

Phantom nr 4 
Syngo 14.8 2 .9 .006** 8 .9 1 .5  .091 
Vitrea 27.5 6.5 .000** 8 .3  1 .0  . 1 17 
Aquarius 39.5 3 .2 .000** 13 .6  1 . 5  .011  ** 
Voxar 3D 22.4 4.2 .000** 34.8  5 . 1  .000** 
QAngio 38 .5 5 .6 .000** 23.8 3.2 .000** 

Mean: mean absolute difference in percentages, SE standard error of the mean, 

** significant difference compared to the gold standard, the true measure of the 

vessel phantom 
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Table 7 .5 :  Intra- and Interobserver variability 

Diameter Area 
Mean ± 2SD Mean ± 2SD 

Intraobserver reliability 
Syngo 0.4 ± 13 3.9 ± 19 
Vitrea 0.4 ± 19 0.6 ± 15 
Aquarius 0 .2  ± 14 3.6 ± 2 1  
Voxar 3D 0.3 ± 22 2.4 ± 24 
QAngio 2 . 1  ± 14 1 .3  ± 17  

Interobserver reliability 
Syngo 3 .6  ± 15 2 .5  ± 17 
Vitrea 2 .5 ± 20 2 .4 ± 2 1  
Aquarius 4 . 1  ± 22 3.3 ± 26 
Voxar 3D 2.4 ± 22 2 .7 ± 15 
QAngio 1 .6 ± 17 2 .4 ± 16 

Mean: mean absolute difference between observers i n  percentages 
SD standard deviation 

143 



Chapter 7 

Discussion 

In clinical practise, therapy advice is based on the location and severity of coro
nary artery stenosis.1 ' 16 For non-invasive detection of coronary artery stenosis 
to be used in clinical practise it should be able to detect and quantify stenosis. 
Cardiac software packages have been introduced to assist the radiologist in data 
handling and provide tools to quantify coronary artery stenosis. This is the first 
study in which the accuracy of stenosis quantification of different commercially 
available software packages is evaluated and compared. The results showed that 
non-invasive detection and quantification of coronary artery stenosis was possi
ble, but that manual adjustments were still necessary to improve accuracy. For 
all five evaluated software packages manual measurements showed significantly 
lower absolute differences in diameter and area stenosis compared to automatic 
measurements. 
The difference in accuracy between software packages for diameter and area mea
surements was not large. The mean is slightly lower for the absolute difference 
of area stenosis measurements compared to diameter measurements. Although 
one would expect that a wrongfully assessed vessel lumen, and thus a wrongfully 
assessed radius, would lead to a lower accuracy of the area stenosis measurement 
since the radius is squared in calculating the area, this pattern was, however, not 
seen in the used software packages due to the fact that software packages calcu
late lumen area by assessing numbers of pixels within the vessel outline instead 
of calculating it from the lumen radius. 
Coronary arteries are in general approximately 2- 4 mm in diameter proximally 
and only 1- 2 mm in diameter distally.17 Therefore, only the vessel phantoms with 
the smallest diameter are good representatives of human coronary arteries. Soft
ware packages should, however, be accurate both in large and small size vessels. 
Coronary artery bypass grafts, especially venous grafts, have larger diameters. 
Therefore, when software packages are to be used for bypass graft evaluation 
also they need to accurately assess lumen stenosis in these large diameter vessels. 
For the vessel phantom with the smallest diameter the mean and 95% CI of the 
absolute difference is higher compared to the largest vessel phantom. Manual 
measurements show an absolute difference with a mean of less than 10% for the 
two largest vessel phantoms and the mean ranges between 8% to 35 % for the 
smallest vessel phantom. The mean of the absolute difference for the most accu
rate software package was up to 10% for area stenosis measurements. This shows 
that it is still difficult to accurately quantify stenosis in human coronary arteries. 
Intraobserver reliability showed a smaller mean difference compared to the inter
observer reliability as expected. Intra- and interobserver reliability showed only 
small differences between software packages. The precision (i.e. interobserver 
and intraobserver variability), therefore, is concluded to be comparable for the 
evaluated software packages.18 Accuracy differs, however, substantially between 
software packages. 
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Figure 7.2: Absolute differences in diameter stenosis measurements (%) 

Limitations 

The results show the performance of the latest versions of the software packages 
at that time available. However, the technological developments are changing 
very fast and at the time of publication newer versions have been released. The 
number of vessel phantoms and number of different stenosis were limited. Ideally, 
evaluation of stenosis of 25%, 50%, 75%, and 90% in vessels with different diam
eters should be conducted. However, these phantoms were not to our disposal at 
the time. 
This study was focussed on the disparity between different commercial available 
software packages. The influences of cardiac motion and different types of coro
nary plaques were not assessed. It is expected that these will result in even larger 
discrepancies in stenosis measurements.11 Motion artefacts due to cardiac motion 
could hamper contour detection of the vessel lumen by the software and diameter 
stenosis measurements could result in an incorrect representation of an asymmet
rical coronary plaque. In patients, coronary plaques are seldom concentric and 
diameter stenosis measurements of an asymmetrical plaque could result in large 
differences between different software packages based on a slightly different pro
jection used.19 Area stenosis is assessed based on the number of pixels in de vessel 
lumen which is filled with contrast. The lumen, which is taken in by coronary 
plaque, is segmented out. The accuracy of the true area stenosis depends on the 
ability to differentiate the contrast filled lumen from the coronary plaque. Dif-
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Fig1 ire 7. 3: Absolute differences in area stenosis measurements ( % ) ( A = automatic 
measurements, M = manual measurements) 

ferences in area stenosis measurements between software packages are caused by 
differences in algorithms used to assess vessel lumen contours and the ability to 
differentiate between the contrast filled lumen and coronary plaque. 

Based on the results of this study it is advised to use manual adjusted area 
measurements instead of automatic measurements to assist in the quantification 
of coronary stenosis. Stenosis severity groups (i.e. no stenosis, moderate stenosis, 
severe stenosis, and occluded) are recommended to be used in the clinical reports 
rather than stenosis percentage, because the measured stenosis degree would lead 
to a false sense of accuracy. Furthermore, differences between software packages 
need to be evaluated more extensively in patient data before the results of the 
different software packages can be used interchangeable. 

Conclusion 

Manual diameter and area stenosis measurements are significantly more accurate 
compared to automatic measurements. Therefore, manual adjustments are still 
essential for non-invasive assessment of coronary artery stenosis. In clinical reports 
stenosis severity groups rather than stenosis percentages should be used to prevent 
a falls sense of accuracy. 
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Coronary artery disease, and especially ischemic heart disease, is a major concern 
in Western society. To reduce mortality and morbidity early detection and treat
ment is important. Ideally, early detection should be non-invasive, fast and cheap. 
Coronary angiography (CAG) is a reliable technique to identify the coronary lu
men. The ability of performing percutaneous transluminal coronary angioplasty 
and intra-coronary stent implantation has made CAG an indispensable procedure 
in the routine clinical setting. CAG, therefore, is seen as the gold standard to 
which other new modalities have to be compared to. 
CAG, however, is invasive and therefore carries the risk of morbidity and mortal
ity. It also lacks the ability to visualize the vessel wall and can thus not detect 
the early stages of coronary artery disease. In the late 1970s, the first attempts 
were made to visualize the human coronary arteries non-invasively. With the rapid 
technological improvements of multi-detector computed tomography (MDCT) the 
accuracy of non-invasive coronary angiography has made progress. In chapter 2 
the accuracy of stenosis detection with MDCT in patients suspected of coronary 
artery disease is described. The pooled sensitivity of MDCT for stenosis detection 
was 89%. A negative MDCT (i .e. MDCT showing no stenosis > 50%) decreased 
the likelihood of disease, although the accuracy of 4- and 16-slice MDCT was 
concluded to be insufficient to rule out coronary artery disease. 
In chapter 3 the accuracy of treatment based on dual-source CT (DSCT) was 
assessed. Results indicate that DSCT could safely be used to indicate which pa
tient is in need for revascularization and which patient is sufficiently treated with 
medical therapy only. In comparison with an expert reading, it was concluded 
that there was no clinical difference between the treatment prediction of CAG 
and DSCT. However, in one patient DSCT evaluation detected a proximal left 
anterior descending artery stenosis which required revascularization, which was 
not seen on CAG. For both techniques experience in evaluation of patient data is 
essential for the most accurate diagnosis and treatment advice. 
In chapter 4, the meta-analysis on the accuracy of coronary artery bypass graft 
( CABG) occlusion detection showed MDCT to be superior to magnetic resonance 
imaging (MRI). Published data are still lacking on the accuracy of stenosis detec
tion using MRI. This was interpreted as representative for the inability of MRI 
to detect bypass graft stenosis. MDCT had an overall pooled sensitivity and 
specificity for occlusion detection of 96% and 98%, respectively. Sensitivity and 
specificity was 98% and 98%, respectively, using 64-slice MDCT for bypass graft 
stenosis detection. Based on these results for the single indication of bypass graft 
evaluation MRI is not the technique of choice anymore. 64-Slice MDCT can be 
used both for bypass graft occlusion and stenosis detection. 
In chapter 5, 64-slice MDCT based treatment advice in post-CABG patients shows 
to be correct in 88% of patients. MDCT has a high negative predictive value and, 
therefore, can be used to indicate patients not needing an intervention for revas
cularization. These patients especially benefit from MDCT as a first non-invasive 
diagnostic tool, since invasive CAG is not anymore necessary. 
In chapter 6, the increase in temporal resolution of DSCT compared to 64-slice 
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single source MDCT was investigated. The focus was on the expected higher 
image quality for DSCT with increasing heart rate using a heart phantom. An 
overall higher image quality was seen for DSCT, and image quality of DSCT 
showed to be independent of heart rate. 
Commercially available software packages provide automatic and semi-automatic 
tools to quantify coronary artery stenosis. Chapter 7 showed that in vessel phan
toms manual adjustments are still essential. Furthermore, results of different 
software packages are not interchangeable and should be interpreted with care. 

At present the clinical indications for stenosis detection using MDCT is expanding. 
New developments in coronary imaging have resulted in the ability of a reliable 
MDCT based therapy advice both in patients suspected of coronary artery disease 
as in post-CABG patients. Furthermore, it is shown that MDCT can be used for 
occlusion and stenosis detection in post-CABG patients. Software tools which are 
being created to simplify MDCT data evaluation and to speed up the work flow 
still need dedicated expertise. To provide optimal patient care, diagnostic CAG 
can be replaced by MDCT in most patient groups. Expert data evaluation by 
an experienced reader evaluating the data interactively remains essential. Coro
nary plaque imaging is still experimental and needs further improvements before 
clinical implementation can be expected. 
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Samenvatting 



Ziekten van de kransslagaderen, met name ischemische hartziekten, zijn een groot 
probleem in Westerse landen. Om de sterfte en morbiditeit te verlagen is vroege 
opsporing en behandeling belangrijk . Idealiter zou vroege opsporing noninvasief, 
snel en goedkoop moeten zijn. Hartkatheterisatie is een betrouwbare manier om 
het lumen van de kransslagaderen af te beelden. De mogelijkheid om dotterbe
handelingen en stentplaatsingen te verrichten maakt hartkatheterisatie onmis baar 
in de dagelijkse klinische praktijk. Hartkatheterisatie wordt daarom ook gezien 
als de gouden standaard waarmee andere nieuwe modaliteiten vergeleken dienen 
te worden. Daarentegen is hartkatheterisatie een invasief onderzoek en brengt het 
onderzoek risico met zich mee op morbiditeit en overlijden. Ook kan hiermee de 
vaatwand niet worden afgebeeld waardoor vroege stadia van atherosclerose niet 
kunnen worden gesignaleerd. 
Eind jaren 70 werden de eerste pogingen gedaan om het hart van de mens met non
invasieve onderzoeksmethoden af te beelden. Met de snelle technologische vooruit
gang van multi-detector computer tomografie (MDCT) is de nauwkeurigheid van 
noninvasieve angiografie van de kransslagaderen verbeterd. Hoofdstuk 2 beschri
jft de nauwkeurigheid van MDCT voor het vaststellen van coronairstenoses bij 
patienten met een verdenking op ziekte van de kransslagaderen. De gepoolde sen
si tivi tei t voor het vaststellen van een stenose met MDCT was 89%. Een negatieve 
MDCT ( dat wil zeggen de afwezigheid van een stenose van >50%) verlaagde de 
kans op het hebben van de ziekte, hoewel de betrouwbaarheid van 4-slice en 16-
slice MDCT als onvoldoende werd geacht om ziekten van de kransslagaderen uit 
te sluiten .  
Hoofdstuk 3 behandelt de betrouwbaarheid van een behandelingsadvies op basis 
van de dual-source CT (DSCT). De resultaten la ten zien dat DSCT veilig ge
bruikt kan worden om patienten te onderscheiden die een revascularisatie moeten 
ondergaan van patienten die alleen met medicamenteuze therapie voldoende kun
nen worden behandeld. Vergeleken met de 'expert reading', waarbij zowel de 
hartkatheterisatie als de DSCT door een ervaren radioloog en ervaren cardioloog 
in consensus werden beoordeeld, werd er geen klinisch verschil gevonden tussen 
de bevindingen met hartkatheterisatie en DSCT. Hoewel bij een patient een dis
crepantie bestond in behandelingsadvies tussen DSCT en hartkatheterisatie. Met 
DSCT werd bij deze patient een stenose proximaal in de linker anterior descendens 
kransslagader vastgesteld die een revascularisatie vereiste, die niet werd gezien ti
jdens hartkatheterisatie. Voor beide onderzoeksmethoden geldt dat ervaring in de 
evaluatie van patienten essentieel is voor een betrouwbare diagnose en een juist 
behandeladvies. 
In hoofdstuk 4, laat een meta-analyse naar de nauwkeurigheid van het vast
stellen van een stenose in een bypass, bij patienten met een bypass operatie in 
het verleden, zien dat MDCT superieur is ten opzichte van magnetic resonance 
imaging (MRI). In de literatuur zijn de gegevens over de betrouwbaarheid van 
stenosedetectie in deze patientenpopulatie met behulp van MRI nog beperkt. Dit 
werd ge:interpreteerd als teken van de beperking van MRI om in bypasses een 
stenose te kunnen vaststellen. De overall gepoolde sensitiviteit en specificiteit 
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voor occlusiedetectie met MDCT was respectievelijk 96% en 98%. De sensitiviteit 
en specificiteit voor stenosedetectie in bypasses met 64-slice MDCT was 98% en 
98%. Op basis van deze resultaten is MRI niet langer primair gei"ndiceerd als on
derzoeksmethode bij uitsluitend de beoordeling van bypasses. 64-slice MDCT kan 
voor zowel het vaststellen van occlusies als stenoses in bypasses worden gebruikt. 
In hoofdstuk 5 blijkt het behandeladvies op basis van de resultaten van 64-slice 
MDCT in 88% van de patienten die een bypass operatie in het verleden hebben on
dergaan juist . MDCT kan door zijn hoge negatief voorspellende waarde gebruikt 
worden om patienten te identificeren die geen revascularisatie nodig hebben. Deze 
patientencategorie heeft vooral baat bij het noninvasieve diagnostisch onderzoek 
met MDCT aangezien zij daarna geen hartkatheterisatie meer hoeven te onder
gaan. 
Hoofdstuk 6 vergelijkt de toegenomen temporele resolutie van DSCT met 64-slice 
single-source MDCT. Hierbij wordt het onderzoek gericht op de verwachte betere 
beeldkwaliteit van DSCT bij hogere hartfrequenties van het gebruikte hartfan
toom. De gevonden beeldkwaliteit was over het algemeen beter voor DSCT en de 
beeldkwaliteit bij DSCT bleek onafhankelijk van de hartfrequentie. 
Commercieel beschikbare softwarepakketten beschikken over de mogelijkheid om 
stenoses automatisch of semi-automatisch in de kransslagaderen te kwantificeren. 
Hoofdstuk 7 toont aan dat in kransslagaderen van een fantoom handmatige aan
passingen voor deze softwarepakketten nog steeds essentieel zijn.  Bovendien zijn 
de resultaten van de verschillende software pakketten niet uitwisselbaar en de re
sultaten dienen daarom zorgvuldig worden gei"nterpreteerd. 

Op dit moment worden de indicaties voor de noninvasieve beoordeling van stenoses 
met MDCT uitgebreid. Nieuwe ontwikkelingen in de visualisatie van de kranss
lagaderen hebben geresulteerd in de mogelijkheid om met MDCT een betrouw
baar behandeladvies te geven zowel bij patienten met verdenking op ischemische 
hartziekten als bij patienten die een bypassoperatie hebben ondergaan. Bovendien 
is aangetoond dat MDCT gebruikt kan worden voor het vaststellen van occlusies 
en stenoses in bypasses. Softwarepakketten die gecreeerd worden om de data
analyse met MDCT te vereenvoudigen en de werkwijze te versnellen vereisen nog 
steeds toegewijde expertise. Voor optimale patientenzorg kan hartkatheterisatie 
bij de meeste patientengroepen worden vervangen door MDCT. Interactieve beo
ordeling van de CT beelden door een ervaren beoordelaar is essentieel voor een 
hoogwaardige evaluatie. Visualisatie van plaques in de kransslagaderen is nog 
steeds experimenteel en vereist nog essentiele ver beteringen voordat het in de 
klinische praktijk gei"mplementeerd kan worden. 
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