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Abbreviations 
 

acq  Acquisition 

CABG  Coronary Artery Bypass Graft 

CAD  Coronary Artery Disease 

CCA  Conventional Coronary Angiography 

CT  Computer Tomography 

CTA  Computed Tomography Angiography 

EBCT  Electron Beam Computer Tomogra  

I  Iodine 

kV  Kilovolt 

LAD  Left Anterior Descending Branch   

LAO  Left Anterior Oblique Projection 

LCA  Left Coronary Artery 

LCX  Left Circumflex Branch 

LM  Left Main 

mA  Milliampere 

MDCT  Multi-Detector Computer Tomography 

MI  Myocardial Infarction 

MIP  Maximum Intensity Projection 

ml  milliliter 

mm  millimeter 

MRI  Magnetic Resonance Imaging 

ms  millisecond 

PTCA  Percutanious Transluminal Coronary Angioplasty 

RAO  Right Antrior Oblique Projection 

rot  Rotation 

t  Time 
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1. Introduction 
 

Coronary heart disease is the most common cause of death in Europe, 

accounting for nearly 2 million deaths each year. Over one in five women (22%) 

and men (21%) die from this disease (82). 

For a number of years CCA has been without competition in the diagnosis of 

coronary heart disease, since it is the only established method by which 

stenosis of coronary vessels can be directly visualized. Furthermore, CCA 

offers the option of treatment through PTCA and stent implantation. With over 

4000 procedures performed per one million inhabitants, Germany is the 

European country in which the highest number of conventional coronary 

angiograms is performed (26). 

 

The drawbacks of CCA, like its advantages, are inherent to the invasive nature 

of the procedure. Catherization involves considerable discomfort for the patient 

and complications ranging from hemorrhage at the site of catheter insertion to 

coronary rupture may occur. Although severe complications are rare, the risk 

involved with CCA usually requires a short hospitalization of the patient (56). 

These drawbacks of CCA must be considered when defining the indication for 

the procedure, limiting the procedure to high risk patients and patients who 

already show symptoms of CAD (85).  

 

In recent years attempts to develop a non-invasive modality for the detection 

and visualization of coronary artery stenoses have been made. A modality 

involving only low patient risk would open the possibility of examining a much 

larger population of patients. Ideally, such a modality could be used to screen 

for CAD, resulting in earlier detection, and thus more effective treatment of the 

disease. 
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1.1. Challenges in Non-invasive Cardiac Imaging 
 

The most eminent challenge in non-invasive coronary angiography is image 

distortion caused by motion. The coronary vessels are not alone subjected to 

the rapid and often irregular motion of the heart, but also to motion caused by 

breathing. The adverse effect of breathing merely presents a minor obstacle in 

coronary angiography since it may be avoided simply by voluntary patient 

breath hold. In this case the acquisition of the images is limited to the given time 

window of patient breath hold which is usually no longer than 40 seconds. 

 

Cardiac motion presents the greatest challenge in coronary angiography. 

Naturally, the motion of the heart may be controlled by pharmacological 

substances such as β-blockers, but adequate depiction of the coronaries is 

challenging even at slow and steady heart rates. 

To overcome the obstacle of cardiac motion, modalities for cardiac imaging 

must be capable of image acquisition with fast temporal resolution. Otherwise, 

motion artifacts will occur, rendering the images unusable for diagnostic 

purposes. 

Another mandatory requirement in coronary angiography is sufficient spatial 

resolution for the adequate depiction of the small coronary vessels and the 

plaques that may be present within the vessel walls. 

Furthermore, non-invasive coronary angiography requires of high contrast 

resolution in order to properly differentiate the vessel lumen from surrounding 

tissue. Contrast media may be applied in order to opacify the lumen of coronary 

structures. But in non-invasive angiography the contrast agent is applied 

systemically, limiting the possibility of achieving high opacification of the 

coronary vessels. 

Only few imaging modalities such as cardiac MRI, EBCT and MDCT possess 

the combination of qualities required for non-invasive coronary angiography. 

Currently, no non-invasive image modality has managed to fully overcome the 

challenges presented in coronary angiography and CCA remains the gold 

standard for the detection of CAD. 



 

6 

1.2. Computed Tomography in Cardiac Imaging 

 

1.2.1. Conventional CT 
 

X-ray computed tomography was first introduced in 1972 when Dr. Godfrey 

Hounsfield and James Ambrose successfully diagnosed a brain tumor in a 41 

year old woman. In conventional CT a rotating x-ray source emits ionizing 

radiation of a defined beam shape and thickness. The beam passes through the 

patient at numerous projections and the resulting variations in radiation is 

registered by detectors located opposite the radiation source. A two-

dimensional image of a given thickness can be mathematically derived from the 

data of these numerous projections. When an image has been acquired, the 

patient is advanced to an adjacent location and the process is repeated, this 

procedure is known as step-and-shoot. The contrast resolution of the resulting 

images is far superior to that of conventional radiography. But the limited 

temporal resolution of conventional CT systems does not permit adequate 

imaging of rapidly moving organs such as the heart (51). 

 

 

1.2.2. Electron Beam CT 
 

In 1982 electron beam CT (EBCT) was introduced, presenting a dedicated 

modality for cardiac imaging. EBCT is capable of very fast image acquisition 

since the source of radiation is not placed on a rotating gantry but is stationary. 

The emitted electron beam sweeps across a semi circular tungsten anode 

target, emitting an x-ray fan-beam which is detected by and array of 

photodiodes opposite the tungsten target. With this technique, the data 

acquisition time is not limited by the G-force which occurs with gantry rotation 

and temporal resolution of 50 – 100ms becomes possible.  
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This leap in technology permitted motion free non-invasive coronary imaging. 

EBCT, however, did not manage to deliver consistently reliable results in 

patients with variations of heart rate. Furthermore, EBCT technology is very 

costly and therefore is only available at few institutions (1,3,14,23,50,65,68,83). 

 

EBCT coronary angiography depends on prospective ECG triggering in order to 

obtain images from the diastole part of the cardiac cycle in which the least 

amount of motion occurs. With this method, the ECG-trace of the patient is used 

to trigger the scan at a certain reader defined time period after each R-wave 

(73). Although very good results were obtained with this method, some EBCT 

studies showed significant motion artifacts despite the fast temporal resolution, 

revealing new challenges obtaining to cardiac movement (6,50).  With 

prospective ECG-triggering the interval of image acquisition must be defined in 

advance with the risk of obtaining images that are not free of motion. 

Furthermore, the heart has a unique motion pattern and the optimal time of 

image reconstruction varies for each coronary branch.  It may occur that a set of 

images from the same phase of the cardiac cycle depict one coronary branch 

free of motion artifacts while another branch is distorted (4,37). 

Prospective ECG-triggering has proven to be very sensitive to variations in 

cardiac rhythm. The prospective nature of the method by which the scan 

interval is initiated at a fixed delay after the R-wave does not adapt to variation 

in length of the R-R interval. If such variations occur, the data sample may well 

fall within the systole phase of the cardiac cycle, resulting in extensive image 

artifacts caused by cardiac motion (77). 
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1.2.3. Spiral CT 
 

The next technological leap took place in the early 90’s with the introduction of 

spiral CT. With this technology the gantry containing the x-ray tube and a series 

of detectors rotates continually around the patient. The patient is situated on a 

table which is advanced through the gantry at a given speed known as ‘pitch’, 

defined as table feed per gantry rotation divided by the collimated slice 

thickness. By this method, a continuous spiral of three-dimensional image data 

covering all positions in the longitudinal axis is generated. Axial images are 

calculated by linear interpolation of the spiral data. This method results in a 

substantial improvement of temporal resolution resulting from the faster gantry 

rotation speed which is possible due to continuous gantry rotation (51,52) 

Single slice spiral CT has become a reliable and widely applied non-invasive 

imaging modality in vascular diagnostics but does not offer the combined merits 

of temporal and spatial resolution necessary for non-invasive coronary 

angiography (53,77,80,81,84). 

 

 

1.2.4. Multi-Row Spiral CT 
 

Multi-row spiral CT is the latest evolution of spiral CT technology, offering a 

notable increase in spatial and temporal resolution. With this method a 

continually rotating gantry contains multiple detector rows opposite a single x-

ray tube. This enables the simultaneous acquisition of several images per 

gantry rotation. Additionally, modern multi row systems operate with gantry 

rotation times of 500 ms and below, while most single slice scanners are not 

capable of sub-second gantry rotation.  

A four-row MDCT system with 500ms gantry rotation time, as used in this study, 

is capable of scanning a given volume with a fixed collimation eight times faster 

than a single slice system with one second gantry rotation. This eight fold 

increase of potential is derived from the four times wider field of data acquisition 

at half the gantry rotation time. 
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The increase of potential can also be utilized to scan a given volume within the 

same time as the single slice scanner, but with eight times the spatial resolution 

(51,77). 

With this new generation of CT scanners the entire volume of the heart can be 

scanned with adequate spatial resolution within the time of a single breath hold, 

eliminating breathing artifacts. The temporal resolution of 250ms is fast enough 

to permit motion free imaging within the diastole part of cardiac cycle (74). 

The most significant advantage of multi-row CT over EBCT is the possibility of 

acquiring data sets with continuous volume coverage of the heart (74). When 

this data is synchronized with the patient ECG-signal, retrospective image 

reconstruction at any given phase of the cardiac cycle is possible, since image 

data from all phases of the cardiac cycle is available. Retrospective gating of 

the image reconstruction intervals is much less sensitive to variations in cardiac 

rhythm because any given variations are now known at the time of image 

reconstruction (77). The prospective gating method used in EBCT coronary 

angiography is not able to predict such variations of cardiac rhythm (6). 

 

 

1.3. Coronary Artery Disease 

 
The physical manifestation of Coronary artery disease is the presence of 

atherosclerotic lesions within the walls of coronary arteries. These Lesions are 

known as plaque. As CAD progresses, the growing plaque cause a narrowing of 

the coronary lumen and the blood flow to the myocardium is compromised. The 

resulting myocardial ischemia is the cause of the commonly known angina 

symptoms (chest pain, pain in left shoulder and arm, shortness of breath etc.) 

These symptoms typically occur during physical activity when the oxygen 

metabolism of the myocardium is increased. An increase supply of oxygenated 

blood is hindered by the stenosis within the given coronary artery and 

myocardial ischemia occurs. 
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Certain types of coronary plaque tend to rupture causing acute thrombotic 

occlusion of the vessel lumen. In this case, the ischemia is not reversible and 

necrosis of the ischemic myocardium occurs. This situation is often fatal, 

depending on the extent and location of damaged myocardium. 

The risk factor of CAD are commonly known as high blood pressure, high blood 

levels of low density lipoprotein, smoking, diabetes, obesity, lack of exercise 

and genetic disposition (10,11,27).  

Not all aspects of plaque formation have yet been revealed, but Inflammation 

caused by endothelial injury probably plays a major role in the development of 

CAD (78). Atherosclerotic plaque consists of two major components: 

Atheromatous tissue which is rich in lipids and of a soft consistency and 

sclerotic tissue which is collagen-rich and hard. It is generally believed that 

macrophage foam cells present within atherosclerotic plaque are responsible for 

the accumulation of extracellular lipid at the core of the lesion.  Inflammation 

causes an increase in macrophage activity resulting in growth of the lipid core of 

the plaque. As the lipid core grows, the lesion becomes more instable and 

prone to rupture (20). In general, soft plaque does not tend to compromise the 

lumen of the vessel greatly, since they contain little of the voluminous sclerotic 

tissue found in more stable plaque. None the less, these soft plaques are 

responsible for most acute coronary events, since they are prone to rupture 

causing thrombotic occlusion of the vessel (29,87,96). 

Organization of the plaque takes place when collagen is secreted by smooth 

muscle cells, stabilizing the structure of the plaque. During plaque organization, 

mineralization (calcification) may occur, causing further stabilization the 

structure (28,48,97). Organized coronary lesions may cause extensive 

narrowing of the vessel lumen, resulting in myocardial ischemia and angina 

pain. The progression of stabile plaque is often relatively slow, allowing 

collateralization of the diseased vessel. Because of their stabile structure, 

organized lesions do not rupture as often as soft plaque (95). 

Coronary angiography depicts the lumen of coronary arteries, thereby showing 

luminal narrowing when plaque is present. The depiction of coronary stenoses 

is a direct proof CAD. 
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1.4. Calcium Scoring 

 

Due to the high contrast resolution of computed tomography, detection and 

quantification of calcium within the walls of coronary arteries is possible. EBCT 

has proven to be a very strong tool for calcium scoring, and numerous studies 

have been performed on this subject (13,15,17,21,22,43). While there is no 

question that coronary calcification occurs in the process of CAD, there has 

been much controversy as to the meaning of coronary calcium as a predicting 

factor for future coronary events (41,49,55,70). The presence of coronary 

calcium does not always coincide with coronary lumen narrowing and coronary 

plaque is not always calcified (79,95). It has been shown that calcium within a 

coronary plaque is a sign of organization and stabilization of the lesion, making 

calcified plaque less likely to rupture causing an acute coronary event 

(28,48,97). 

 

 

1.4. Study Objective 
 

This study aims to analyse the potential of four-row MDCT coronary 

angiography for the detection of stenotic coronary lesions by comparing the 

results of CTA to a gold standard set by CCA. 

 

A further analysis of these results accounting for heart rate, coronary 

calcification, lesion size and motion pattern of each separate coronary arteries 

was performed with the objective of demonstrating the interfering influence of 

these factors. 
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2. Methods 
 

2.1. Study Design 
 

The 70 patients included in this study all underwent conventional and MDCT 

angiography of the coronary arteries. Principally, all patients scheduled for 

conventional coronary angiography were eligible for participation. Criteria of 

exclusion were: renal insufficiency (creatinine > 2.5 mg/dl), instable angina, 

acute MI, previous CABG-Operation, known allergy to contrast media, 

claustrophobia, and exposure to levels of radiation above 5 mSv in the past 12 

month. The study protocol was approved by the hospitals ethics committee and 

all patients gave informed consent. 

 

Initially the CTA examination was performed and the reconstructed images 

were evaluated by an on staff radiologist. 1 – 2 days after the CTA scan the 

scheduled CCA examination took place. The evaluation of the CCA examination 

was performed by a physician blinded to the results of CTA. At a later point in 

time the results of CCA were validated by quantitative coronary analysis (QCA). 

The location and extent of each diagnosed coronary lesion was recorded 

separately for each modality.  

 

Finally a comparative analysis of CCA and CTA results was performed, yielding 

sensitivity, specificity, positive and negative predictive value of CTA compared 

with CCA.  

 

The influence of potentially interfering factors such as heart rate, coronary 

calcification, lesion size and motion pattern of the coronary arteries was 

demonstrated in a separate evaluation.  
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In order to demonstrate how the intravenous application of non-ionic contrast 

media might influence patient heart rate, a comparative analysis of the mean 

heart rates of the 70 patients during the native and the contrast enhanced scan 

was performed. 

 

The following chapters describe each performed procedure in further detail. 

 

 

2.2. MDCT Angiography 
 

All patients were examined with a MDCT scanner (Somatom Plus 4 Volume 

Zoom, Siemens Ag, Erlangen, Germany) which is capable of acquiring 4 slices 

per gantry rotation. The patients ECG signals were recorded simultaneous to 

each spiral CT scan, so that the acquired image data from each scan could be 

matched to a specific phase of the cardiac cycle. Images from any given phase 

of the cardiac cycle could then be reconstructed during post processing. 

 

Initially a native MDCT scan was performed with a detector collimation of 4 × 

2.5 mm. These images were used to determine the scan volume and the correct 

anatomical location for detection of the timing bolus. 

The timing bolus was given in order to determine the individual circulation delay 

between the time of contrast injection and the time of maximum opacification in 

the ascending aorta.  The bolus (20ml iodinated contrast agent, 400 mg I/ml, 20 

ml NaCl “chaser bolus”, injection rate 4 ml/sec) was injected in an antecubital 

vein and detected by a series of low dose scans (120 kV, 30 mAs) performed at 

the height of the bifurcation of the pulmonary artery. The scans were initiated 10 

sec. after contrast injection and were performed during breath hold at 2 sec. 

intervals for a duration of 30 sec. after injection begin. 

 

The contrast enhanced MDCT scan was performed at the maximum gantry 

rotation time of 500 ms with a collimated slice with of 4 × 1 mm resulting in an 

effective slice with of 1.25 mm. A spatial resolution of 9Lp/cm in the image 
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plane and 6Lp/cm in the longitudinal axis was achieved.  150 ml. of contrast 

agent (370 mg Iodine/ml) followed by a 30 ml. NaCl “chaser bolus” was injected 

at an rate of 4 ml/sec.. In order to achieve the best possible opacification of the 

coronary arteries, the scan was initiated with a delay after contrast injection 

according to the individual circulation delay time plus a correctional factor of 3 

sec.. 

 

All CTA scans were performed at a set pitch of 0.375 which permitted 

continuous volume coverage in all 70 patients.  If the chosen pitch is too great, 

the image stacks from subsequent cardiac cycles will not cover all z positions 

and gaps will occur in these image stacks (75,74), (Fig. 1). 

 

Definition of pitch: P = table travel per rotation/collimation of single slice 

 

 

 Pitch < (N – 1) Trot/TRR 

 
  N : No. sections (slices) 

  TRR : interval between subsequent R peaks 

  Trot : full gantry rotation time 
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Fig. 1: Illustration of ECG-gated data acquisition with a 4-row scanner operating 

with continuous table feed and exposure. Image stacks from any given phase of 

the cardiac cycle can be reconstructed when the pitch is adapted to the patient 

heart rate (pitch is indicated by the level of incline of the intermittent lines). The 

phase of reconstruction (TQ) is defined in relation to the R-wave (Trew), (75). 
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Fig. 2: Scan parameters for native and MDCT angiography study. 

 

 Native study MDCT angiography 

Contrast agent None 150 ml; 370 mg I/ml; 4 
ml/sec 

Collimation 4 x 2,5 mm 4 x 1 mm 

Gantry rotation time 500 ms 500 ms 

kV 140 140 

mA 100 300 

Slice with 3 mm 1,25 mm 

Increment 1 mm 0,5 mm 

Scan time 15 sec - 25 sec 22 sec - 49 sec 

 

 

2.3. Post Processing and Image Reconstruction 
 

CT angiography of the coronaries is not possible if the images can not be 

matched to the ECG of the patient. The method used in this study is known as 

retrospective ECG gating. With this technique the ECG of the patient is 

recorded simultaneously to the MDCT scan. Thereby, the spiral data can be 

matched to the cardiac cycle (ECG trace) and a phase for image reconstruction 

can be determined relative to the R wave.  

 

Two phase-selection strategies were used for image reconstruction: 

With the relative-delay method the reconstruction is started at a certain fraction 

of the interval between R-waves (R-R interval). The actual delay time varies 

with the length of each cardiac cycle and is defined as a percentage of the R-R 

interval specified by the user. 
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When using the absolute-reverse-method the user defines a fixed time prior to 

the R wave at which the reconstruction interval is started. The reconstruction 

interval, therefore, is independent of the length of each cardiac cycle. 

 Both these approaches enable the user to obtain images from a consistent 

phase of subsequent heart cycles, thereby, avoiding misalignment of the 

images (76), (Fig 3). 

 

 

Fig. 3: Illustration of retrospective gating. Top image shows absolute-reverse 

strategy: Trew is constant prior to the next R wave. Bottom image shows relative-

delay strategy: Delay time (Tdel) after the previous R wave is determined as a 

percentage of the R-R interval.(76) 
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2.4. Image Artefacts 
 

To avoid artefacts, it is crucial to obtain images from the phase of the cardiac 

cycle in which the least amount of motion occurs. Due to the motion pattern of 

the heart and the different locations of the coronary segments, the coronary 

branches are not optimally visualized during one and the same interval of the 

cardiac cycle (4,46). To obtain the best set of images for each Coronary branch, 

images from different phases of the heart cycle must be reconstructed and 

evaluated. If the initial reconstructions did not yield satisfactory images, a test 

series of reconstructions at 40%, 50%, 60% and 70% of the R-R interval was 

performed in order to determine the optimal reconstruction phase for each 

coronary branch (37). 

 

Stair-step artefacts are caused by inconsistent image alignment which occurs 

when the images from two subsequent heart rates are not obtained at the exact 

same phase of the cardiac cycle.  The most common causes of this effect are 

cardiac arrhythmia and rapid heart rate. Stair-step artefacts also occur when the 

wrong phase of the cardiac cycle is chosen for image reconstruction. 

Blurring artefacts are caused by motion within the image acquisition time. 

Since both stair-step and blurring artefacts occurs with cardiac motion, a 

combination of both may be observed (32,40). 

 

Applying a β-blocker prior to the scan will minimizing motion artefacts by 

slowing down the heart rate, thereby prolonging the diastole. In this study the 

individual medication of each patient was not altered and no pre scan β-blocker 

was given. 
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Fig. 4: Illustration of Stair-Step artefact: Effects of inconsistent image alignment.  
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Fig. 5: Illustration of Image Blurring: Effect of cardiac motion within the image 

acquisition time. 
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Fig. 6: Short axis- (top images) and long axis views (bottom images) of the 

heart, reconstructed from a four-row MDCT data set. The images demonstrate 

stair-step artefacts during systole (left images) and diastole (right images) of the 

cardiac cycle. Because of the rapid motion during systole, stair-step artefacts 

are fare more abundant during this cardiac phase. 
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As a rule, the temporal resolution in CT imaging is limited to ½ the gantry 

rotation time (trot/2) since scan data from no less than 180° rotation is needed 

for the reconstruction of a complete image (33). A temporal resolution of 

500ms/2 = 250ms, however, is inadequate for cardiac imaging at high heart 

rates. To further reduce temporal resolution, prototype reconstruction software, 

which uses the adaptive cardio volume (ACV) reconstruction technique, was 

made available by Siemens Ag, Erlangen, Germany. This software achieves a 

reduction of the temporal resolution by combining scan data from two heart 

cycles into a single image when the heart rate exceeds a certain frequency (62 

beats per min.). By using data from more than one cardiac cycle, the temporal 

resolution is no longer limited to half of the gantry rotation time (trot/2), since less 

than 180° rotation per heart cycle is needed for image reconstruction. The 

limiting factor becomes the number (N) of consecutive cardiac cycles from 

which scan data is used and the temporal resolution is defined by the equation 

trot/2N (33). In this study, data from no more than 2 consecutive heart cycles 

were combined and the temporal resolution was limited to trot/2×2 = 125ms. 

 

 

2.5. Image Display 
 

After the reconstruction of the axial images, the data volumes were visualized 

and evaluated on a 3D work station (Virtuoso®, Siemens, Forchheim, Germany) 

capable of creating Shaded-Surface-Displays, Maximum Intensity Projections 

and Volume Rendering. The location of stenosis was defined according to the 

definition of the American Heart Association and the detected stenoses were 

recorded on a semi quantitative scale (high grade stenosis: >70% of vessel 

lumen, intermediate stenosis 50 - 70% of vessel lumen, wall irregularity: <50% 

of vessel lumen), (Fig. 7). The reader was blind to the findings of the 

conventional coronary angiogram.  
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2.6. Ca-scoring 
 

Calcium scoring was performed on a 3D Virtuoso® work station (Virtuoso®, 

Siemens, Forchheim, Germany). The process was semi automated, requiring a 

slice by slice analysis of the 3mm “scout” images in which the reader was 

required to assign detected calcification to a coronary artery or to discard it. The 

Calcium score was then generated automatically by the software, according to 

the algorithm introduced by Agatston et al (7). 

 

The effect of coronary calcification was determined by dividing the patient 

population into two sub-groups with Agatston-scores above and below 100. The 

comparative statistical analysis to determine CTA performance for detection of 

coronary lesions was performed separately for each sub-group. 

 

 

2.7. Conventional Angiography with Quantitative Coronary Analysis 
 

All 70 patients underwent conventional coronary angiography 1 - 2 days after 

CTA examination. The procedure was performed according to the Judkins 

technique with which a catheter is introduced via the brachial or femoral artery 

into the ostium of each of the two coronary arteries. A contrast agent (Imeron®, 

400 mg Iodine/ml, Altana Pharma, Konstanz) was injected and a series of 

images were recorded using a conventional X-ray generator and an image 

intensifier. The RCA was evaluated in 2 standard projections (LAO/RAO 45°) 

and the LCA in 6 Standard projections (RAO 15°, 35 -15°, 35 +15°, LAO 45 

+15°, 60°, 90°). The initial evaluation was performed on sight by the attending 

physician. 
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In order to validate the results, the conventional Angiograms were additionally 

evaluated with the use of quantitative coronary analysis software (QCA, Philips 

Medical Systems, Eindthoven, Netherlands), by which the contour of each 

vessel lesion is automatically analysed and calibrated using the projection of the 

catheter as a standard measurement for calibration.  

To facilitate the later comparison with the results of CTA, Each detected 

stenosis was classified according to the same system. (high grade stenosis: ≥ 

70% of vessel lumen, intermediate stenosis 50 - 70% of vessel lumen, wall 

irregularity: <50% of vessel lumen). 

 

 

2.8. Data Evaluation and Statistics 
 

The analysis of the data is based on the comparison of each single coronary 

segment seen in CTA with conventional coronary angiography representing the 

gold standard. For this purpose each coronary segment is classified as either 

Positive = Stenosis or negative = no stenosis. The stenosed segments are 

divided into 3 categories according to the extent of lumen narrowing (high grade 

stenosis: >70% of vessel lumen, intermediate stenosis 50 - 70% of vessel 

lumen, wall irregularity: <50% of vessel lumen). Each coronary segment is thus 

categorized with both conventional- and CT-angiography, making it possible to 

define the CTA results for each segment as either true positive, false positive, 

true negative or false negative. Separate evaluations for high grade and 

intermediate stenoses can be performed. This classification of each coronary 

segment forms the basis for the descriptive statistical analysis of the data. 

Sensitivity, specificity, positive and negative predictive value of the CTA results 

compared to CCA can thus be determined. 

 

Since a large number of distal segments cannot be adequately depicted with 

CTA, only the proximal segments 1, 2, 5, 6, 7 and 11 of the coronary tree are 

included in the data  analysis presented in the results section of this thesis.  
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An analysis including the distal segments of the coronary tree leads to a false 

representation of CTA performance since a large number of segments must be 

omitted from such an analysis. The evaluation of CTA performance in distal 

coronary segments leaves room for much speculation and will be presented in 

the discussion at the end of this paper. 

 

In order to demonstrate the influence of lesion size, coronary motion, heart rate, 

coronary calcification and lesion location within the coronary tree, different 

evaluations of the data were performed, accounting for these factors. 

Separate statistical evaluations were performed for: 

• Lesions > 70% and >50% of the coronary lumen 

• Lesions within each of the separate coronary arteries (LAD, RCA and 

LCX) 

• Studies performed at heart rates above and below 60 beats/min 

• Studies with calcium scores above and below 100 Agatston 

The influence of each factor can be determined by comparing the separate 

results of each analysis. 

 

An additional evaluation was performed to determine the influence of iodinated 

contrast agent on heart rate. During the native and the contrast enhanced scan 

the EKG-trace of each patient was recorded. The individual heart rate of each 

patient was extracted from the recorded data and the heart rate within each one 

second intervals after scan begin was determined. Finally the mean heart rates 

of all patients during native and contrast enhanced scan could be compared at 

each one second interval after scan initiation. The extent of correlation between 

the mean patient heart rate before and after injection of contrast media is 

considered to be significant if the difference of the mean heart rates is smaller 

then the 95% confidence interval of the heart rates during the native scan. 
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Fig. 7: Diagrams illustrating the anatomy of the right coronary artery (lateral 

projection, segments 1 – 4) and left coronary artery (right anterior oblique 

projection, segments 5 -15). The segments are defined according to the 

American Heart Association (8). 
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3. Results 
 

3.1. Study Population 
 

The study population consisted of 13 female and 57 male patients between 33 

and 76 years of age (mean 60). The mean heart rate was 63 beats per min. 

during the native MDCT scan (range 42 - 107) and 63 beats per min. during the 

contrast enhanced MDCT scan (range 43 - 92). The average calcium burden of 

the patients was found to be 330 agatston (range 0 - 3138).  

The 70 CCA and 70 CTA exams were all performed successfully. The MDCT 

scan time varied according to scan volume and heart rate. The average scan 

time was 20 sec. (range 15 - 25) for the native, and 37 sec. (range 22 - 49) for 

contrast enhanced scan. All patients included in this study were able to hold 

their breath for the entire scan duration. 

 

 

3.2. Detection of Coronary Lesions by CTA and CCA. 
 

In the 70 Patients included in the study a total of 420 proximal coronary 

segments (1, 2, 5, 6, 7 and 11) were evaluated with CCA, of these segments 

406 (96%) could be evaluated with CTA. The remaining 14 segments could not 

be evaluated due to poor image quality. 

With CCA, The 420 coronary segments included in the study were found to 

contain a total number of 97 stenoses greater 50% of the vessel diameter, of 

these stenoses 70 (72%) were haemodynamic relevant (≥ 70% of vessel 

lumen). 

CTA was able to detect 86 (89%) of all stenoses, and 57 (81%) of the stenoses 

greater than 70% of vessel lumen (Fig. 8 and 9). 

Of the 100 stenoses seen in CCA, 1(1%) was located in the LM, 41 (42%) in the 

RCA, 40 (41%) in the LAD and 15 (15%) in the LCX (Fig 10 - 12). 
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The statistical evaluation of the data to determine sensitivity, specificity, positive 

and negative predictive value for CTA detection of coronary lesions greater 50% 

of lumen diameter showed a sensitivity of 0.89 and a specificity of 0.90. Positive 

and negative predictive values were 0.73 and 0.96, respectively (Fig. 8). 

 

 

Fig. 8: Sensitivity, specificity, positive and negative predictive value for MDCT 

detection of coronary stenoses greater than 50% diameter of vessel lumen. 
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3.3. Influencing Factors for CTA Performance 
 

A number of factors possess the potential to interfere with image quality, 

thereby influence coronary lesion detection by CTA. In order to demonstrate the 

influence of lesion size, coronary motion, heart rate and coronary calcification, 

different evaluations of the data were performed, accounting for these factors. 
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3.3.1. Lesion Size 
 

When raising the threshold for stenosis from 50% to 70% of the vessel lumen, 

so that only haemodynamic relevant stenoses enter the evaluation, the 

sensitivity decreases from 0.89 to 0.81 while an increase of specificity from 0.90 

to 0.93 is observed. Positive and negative predictive values remain practically 

unchanged (0.73 to 0.72 and 0.96 to 0.96 respectively), (Fig. 8 - 9). 

 

 

Fig. 9: Sensitivity, specificity, positive and negative predictive value for MDCT 

detection of coronary stenoses greater than 70% diameter of vessel lumen. 
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3.3.2. Lesion Location Within the Coronary Tree 

 

Because of the different motion pattern and velocity of each coronary branch 

during the cardiac cycle, more artifacts must be expected when evaluating 

those segments which move with greater velocity.  

It has been shown that the RCA and the LCX are subjected to motion of greater 

velocity during the cardiac cycle that the LAD, and thus, more stair step and 

blurring artifacts are seen in the CT-Angiograms of these vessels (4,40). If 

coronary motion causes a reduction in image quality, we expect to see better 

results for detection of coronary stenoses in those braches which experience 

less motion during the cardiac cycle. 

 

To determine the influence of lesion location within the coronary tree, separate 

evaluations of the data was performed for each of the three braches (RCA, LAD 

and LCX). The left main (segment 5) was excluded from this evaluation, since 

only one of the 70 examined segments was stenosed. This very low number of 

coronary lesions would result in an inaccurate evaluation. 

 

The comparison of the statistical results for each separate coronary branch 

yields values for sensitivity of 0.95, 0.88 and 0.73 for the LAD, RCA and LCX, in 

the given order. A different order for the values of specificity (0.89 for the RCA, 

0.86 for the LAD and 0.87 for the LCX) was seen. The results for positive and 

negative predictive value were 0.78 and 0.94 for the RCA, 0.73 and 0.98 for the 

LAD, 0.61 and 0.92 for the LCX (Fig 10 – 12). 

 

 



 

30 

Fig. 10: Sensitivity, specificity, positive and negative predictive value for MDCT 

detection of coronary stenoses greater than 50% diameter of vessel lumen. 

Evaluation of the LAD (Segments 6 and 7). 
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Fig. 11: Sensitivity, specificity, positive and negative predictive value for MDCT 

detection of coronary stenoses greater than 50% diameter of vessel lumen. 

Evaluation of the RCA (Segments 1 and 2). 
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Fig. 12: Sensitivity, specificity, positive and negative predictive value for MDCT 

detection of coronary stenoses greater than 50% diameter of vessel lumen. 

Evaluation of the LCX (Segment 11) 
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3.3.3. Heart Rate 
 

A major challenge for coronary CTA is the occurrence of motion artifacts 

resulting from the rapid motion of the coronary vessels during the cardiac cycle. 

Only data from the diastole part of the cardiac cycle should be used for image 

reconstruction in order to avoid stair step and blurring artifacts that hinder the 

evaluation. In patients with high heart rates the diastole becomes shorter, 

resulting in a narrower temporal window for image reconstruction, thus leading 

to more motion artifacts (39,67,72,90). 

In order to determine how heart rate influenced the detection of coronary 

lesions in the patient group, separate evaluations were performed for patients 

with heart rates above and below 60 beats per minute (Fig 13 and 14). 

 

In the patient group with heart rates below 60 beats per minute, higher values 

for sensitivity (0.89) and specificity (0.92) were observed, compared to 

sensitivity (0.88) and specificity (0.88) of the patient group with heart rates 

above 60 beats per minute. The same pattern was seen for the positive 

predictive value, which was 0.82 for the group with heart rates below, and 0.63 

for that with heart rates above 60 beats per minute. The negative predictive 

value of 0.95 in the group with high heart rates was slightly lower compared to 

0.97 in the group with lower heart rates (Fig 13 and 14). 
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Fig. 13: Sensitivity, specificity, positive and negative predictive value for MDCT 

detection of coronary stenoses > 50% diameter of vessel lumen, in a group of 

patients with heart rates below 60 beats per minute. 
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Fig. 14: Sensitivity, specificity, positive and negative predictive value for MDCT 

detection of coronary stenoses > 50% diameter of vessel lumen, in a group of 

patients with heart rates above 60 beats per minute. 
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3.3.4. Coronary Calcium 
 

The high density of calcifications within coronary vessels makes calcium well 

visible in CT, but also may result in misinterpretation caused by artifacts. 

The Effect of coronary calcification on CTA detection of coronary stenoses was 

determined by performing separate evaluations of the data for patients with 

agatston scores above and below 100 Agatston (Fig. 15 and 16). 

 

When comparing the statistical results of coronary CTA of patients with calcium 

scores above and below 100, an increase in sensitivity form 0.84 for patients 

with scores below 100 to 0.90 for those patients with scores above 100 can be 

observed. The specificity rose slightly from 0.89 to 0.91. 

The positive predictive value for the patient group with calcium scores below 

100 was very low (0.53) compared to the patient group with scores above 100 

(0.83). The negative predictive value shows a slight decrease from 0.97 for 

patients with scores below, to 0.95 for those with scores above 100 (Fig 15 and 

16). 
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Fig. 15:  Sensitivity, specificity, positive and negative predictive value for MDCT 

detection of coronary stenoses > 50% of vessel lumen diameter in a group of 

patients with Ca. Scores below 100 Agatston. 
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Fig. 16:  Sensitivity, specificity, positive and negative predictive value for MDCT 

detection of coronary stenoses > 50% of vessel lumen diameter in a group of 

patients with Ca. Scores above 100 Agatston. 

 

               
      CCA n(Pat.)= 37   
      Pos. Neg. n(Seg.)= 215   
  True Pos. False Pos. n(Sten.)= 72   
  P

os
. 

65 13      
  False Neg. True Neg.      
  

C
TA

 

N
eg

. 

7 130      
               
  Sensitivity: 0.90      
  Specificity: 0.91      
  Pos. pred. Value: 0.83      
  Neg. pred. Value: 0.95      
               

 



 

36 

3.3.5. Summery of Results 
 

Fig 17: Evaluation of all Stenoses with a threshold of 50% and 70% diameter of 

the coronary lumen. (Coronary segments 1, 2, 5, 6, 7 and 11) 

 

 Sensitivity Specificity Pos. Predictive 
Value 

Neg. Predictive 
Value 

All Stenoses 
above 50% 

0.89 0.90 0.73 0.96 

All Stenoses 
above 70% 

0.81 0.93 0.72 0.96 

 

 

 

Fig 18: Separate evaluation of each coronary branch. (Threshold for Stenosis: 

50% of vessel lumen diameter), (Coronary segments 1, 2, 5, 6, 7 and 11) 

 

 Sensitivity Specificity Pos. Predictive 
Value 

Neg. Predictive 
Value 

Left Main 
(Seg. 5) 

1.00 0.99 0.50 1.00 

LAD 
(Seg. 6 and 7) 

0.95 0.86 0.73 0.98 

LCX 
(Seg. 11) 

0.73 0.87 0.61 0.92 

RCA 
(Seg. 1 and 2) 

0.88 0.89 0.78 0.94 
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Fig 19: Separate Evaluation for Patients with heart rates above and below 60 

beats per min. (Threshold for Stenosis: 50% of vessel lumen diameter), 

(Coronary segments 1, 2, 5, 6, 7 and 11) 

 

 Sensitivity Specificity Pos. Predictive 
Value 

Neg. Predictive 
Value 

Heart rate ≤ 
60/min 

0.89 0.94 0.89 0.94 

Heart rate > 
60/min 

0.88 0.88 0.59 0.97 

 

 

 

Fig 20: Separate evaluations for patients with coronary calcium burden above 

and below 100 Agatston. (Threshold for Stenosis: 50% of vessel diameter), 

(Coronary segments 1, 2, 5, 6, 7 and 11) 

 

 Sensitivity Specificity Pos. Predictive 
Value 

Neg. Predictive 
Value 

Ca.-Score ≤ 
100 Agatston 

0.84 0.89 0.53 0.97 

Ca.-Score > 
100 Agatston 

0.90 0.91 0.83 0.95 
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3.4. Influence of Contrast Media on Patient Heart Rate. 
 

The intravenous application of iodinated contrast media may cause variations in 

patient heart rate (61). Since a slow and rhythmic heart rate is a key condition 

for high quality coronary CTA studies, it is important that the application of 

contrast media does not cause a severe increase in patient heart rate during the 

CTA examination (39,90). 

 

In order to determine if the application of contrast media significantly affected 

the mean patient heart rate during the CTA examination, the ECG traces of both 

the native and the CTA scan were analyzed. The mean heart rates of the 70 

patients were determined at one second intervals after scan begin (Fig 21 and 

22). Thereby, a direct comparison of the values could be performed (Fig 23). 

The average scan time was 20 sec. for the native, and 37 sec. for the CTA 

scan, limiting the comparison of heart rate to the first 20 seconds. The initial 

decrease in heart rate followed by a steady increase is a physiological reaction 

during breath hold, caused by vagal nerve activity (63). 
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Fig. 21: Maximum, minimum and mean heart rate +/ - one standard deviation in 

70 patients during native MDCT scan, plotted at 1sec. intervals. 
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Fig. 22: Maximum, minimum and mean heart rate +/ - one standard deviation in 

70 patients during contrast enhanced MDCT scan, plotted at 1sec. intervals. 
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Fig. 23: Mean heart rate of 70 patients during native and contrast enhanced CT 

scan, plotted at 1 sec. intervals for 20 sec. after scan begin. 
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When observing the changes in heart rate during the native and contrast 

enhanced scan, it becomes evident that that there is little or no difference 

between the two graphs (Fig. 23). 

 

The statistical proof of correlation between the two graphs is obtained by 

calculating the difference of the mean heart rates in the 70 patients during the 

native and contrast enhanced scan. The obtained figure is then compared to the 

95% confidence interval of the heart rate values of the native scan. If the 

difference of heart rate is smaller than the 95% confidence interval, the 

probability of a significant difference between the two set of values is less than 

5% (p < 0.05) (36,42,44,66). 
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The following chart lists the difference in mean heart rate between the two 

scans and the 95% confidence interval of the native scan. The values have 

been calculated for each one second interval after scan initiation. Since the 

difference of heart rate is consistently smaller that the 95% confidence interval, 

there is no significant difference between the measured heart rates during 

native and contrast enhanced scan (9). 

 

 

Fig 24: Difference in mean heart rate in 70 patients during native and contrast 

enhanced scan (middle column). 95% confidence interval of the heart rate 

values for the native scan (right column). Values calculated at 1 sec. interval 

after scan begin. The difference of heart rate between the two scans is 

continuously lower than the 95% confidence interval, suggesting a high level of 

correlation.   

 

Sec. after 
begin of scan 

Difference of heart rate 
between native and 

contrast enhanced scan 

95% confidence interval 
of heart rates during 

native scan 

1 1.25 2.94 
2 1.97 2.67 
3 0.69 2.37 
4 1.32 4.33 
5 1.19 2.71 
6 0.39 3.28 
7 2.14 3.19 
8 2.09 3.06 
9 1.62 3.04 

10 0.77 2.87 
11 2.17 4.67 
12 0.16 3.11 
13 1.31 2.60 
14 2.71 4.80 
15 1.67 2.68 
16 2.21 3.02 
17 2.35 4.38 
18 0.93 3.04 
19 1.44 3.77 
20 1.05 4.97 
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3.5. Image Examples 
 

Fig 25: Three dimensional volume rendered Images of a four-row MDCT data 

set showing the LM, LAD (a) and LCX (b) on the surface of the heart (b). Note 

the opacification of the venous structures in image b (arrow). 

 

 
 

 

Fig 26: Volume rendered Images of a four-row MDCT data set showing the 

heart and the proximal (a) and distal (b) RCA. The distal branches of the RCA 

are depicted clearly (arrows). 

 

 

a b

a b
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Fig 27: Comparison of conventional invasive coronary angiography (b) and 

contrast enhanced four-detector row MDCT angiography (a) in one patient. The 

images are projected in the left anterior oblique (LAO) view. Both images show 

luminal narrowing of the LAD and the first and second diagonal branch (arrows). 

 

 
 

a b
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4. Discussion 
 

4.1. Limitations of CTA as a Diagnostic Tool for CAD 
 

The rapid motion of the heart and the relatively small size of the coronary 

arteries account for the major difficulties associated with coronary angiography. 

MDCT offers high spatial and temporal resolution, and thereby meets the basic 

requirements for adequate depiction of the coronary vessels. This study shows 

a sensitivity of 0.89 and a specificity of 0.90 for stenoses greater than 50% of 

the lumen in proximal coronary segments, suggesting a high potential for the 

detection of coronary lesions. Adequate evaluation of the distal coronary 

segments, however, was not possible since only 59% of these segments were 

probably depicted with CTA. This fact reflects the necessity of even greater 

temporal and special resolution in MDCT angiography. 

 

General disadvantages of coronary CTA include intravenous contrast media 

application and radiation exposure to the patient. The most severe 

complications associated with contrast media application are renal failure and 

anaphylactic reactions. Since iodinated contrast media is applied during both 

CTA and CCA, the adverse effects do not distinguish the two modalities from 

each other. Renal failure after application of iodinated contrast media is very 

rare in patients with good renal function and is usually reversible. Anaphylactic 

reactions can be very severe demanding immediate intensive care treatment, 

they occur within minutes of contrast media application. Anaphylactic shock, 

being the most severe reaction, may usually be avoided if symptoms are treated 

appropriately (30,62,64). Minor reactions to iodinated contrast media may occur 

up to several days after application. The most common of these late reactions 

are skin rash, nausea and headaches. Usually these manifestations require no 

medical treatment (103). 
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Coronary CTA is burdened with a relatively high radiation exposure to the 

patient. Studies have shown values of up to 11mSv for a single exam including 

native and contrast enhanced scan. These values are slightly higher than the 

average radiation dose of CCA exams (12,45). Radiation exposure is especially 

problematic if CTA is to be applied as a screening method for CAD in young 

patients in which the potentially carcinogenic effect is more severe. This 

disadvantage of CTA limits it potential as a widely applicable diagnostic tool.  
 

4.2. Interfering Factore in Coronary CTA 
  

4.2.1. Heart Rate 

 
In order to avoid motion artifacts, only minimal cardiac motion within the image 

acquisition time is tolerable. With a given image acquisition time of 250ms, the 

optimal window for image reconstruction within the diastole of the cardiac cycle 

is very narrow even at low heart rates (72,101). As heart rates increase, the 

systole phase of the cardiac cycle remains virtually unchanged while the 

diastole becomes shorter (25). This results in an even narrower acquisition 

window for image reconstruction and motion free reconstruction become 

virtually impossible. Each branch of the coronary tree has a different pattern of 

motion and consequently the optimal acquisition window varies for each branch 

and even for each coronary segment (4). Determining the best time for image 

reconstruction for each coronary branch is best achieved by performing a test 

series of reconstructions at different phases of the cardiac cycle and evaluating 

the different reconstruction series for each coronary branch (37,59,90). This 

procedure can be performed relatively quickly, due to technical developments 

allowing very short image reconstruction times (59). 
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A different approach to the problem of cardiac motion is to shorten the data-

acquisition time. It is not possible to reduce the total time needed to acquire the 

data for a complete image, since the maximum gantry rotation time is limited, 

and a certain degree of gantry rotation is required for complete data acquisition. 

An approach has been made to combine the data of 2 subsequent cardiac 

cycles into one Image, thereby reducing the temporal resolution by half. With a 

gantry rotation time of 0.5 sec., a reduction from 250ms to 125ms can be 

achieved. The drawback to this method is that the motion of the heart within the 

two given cardiac cycles must be identical for the data to match perfectly. This 

makes the approach very sensitive to any kind of variations in cardiac rhythm 

(76). 

 

By choosing the right interval for image reconstruction within the cardiac cycle 

and applying dedicated spiral algorithms, motion artifacts can be reduced 

significantly (76). 

Despite the attempts to minimize the effects of cardiac motion, high heart rates 

still do affect the outcome of coronary CTA. This becomes evident when 

observing the number of coronary segments that could not be adequately 

depicted due to poor image quality. The number of such segments is greater in 

studies performed at high heart rates. In the sub-group of patients with heart 

rates ≤ 60 beats/min (n=33), 14% of all coronary segments could not be 

adequately depicted with CTA. This number increases to 23% in the sub-group 

of patients (n=37) with heart rates above 60 beats/min. 
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The effect of increased heart rate is not as clearly reflected in the statistical 

evaluation of CTA performance in patients with heart rates above and below 60 

beats per min.. CTA showed slightly higher values for sensitivity and specificity 

(0.89 and 0.92) for patients with heart rates below 60/min, compared to values 

of 0.88 and 0.88 for patients with higher heart rates.  

These statistical values show such slight variation because only segments of 

good image quality were evaluated. All segments containing significant artifacts 

and all distal segments were excluded from the evaluation. 

 

 

4.2.2. Lesion Size 

 
It seems logical that larger coronary lesions are more easily detected in CTA 

that smaller ones. To determine the influence of this factor, a separate statistical 

evaluation including only stenoses greater than 70% of the vessel lumen was 

performed and compared to the evaluation including all stenoses (lumen 

narrowing > 50% diameter). 

 

The decrease of sensitivity for detection of larger stenoses from 0.81 to 0.89 is 

initially surprising, since a greater sensitivity for larger lesions would be 

expected. The explanation for the, seemingly, lower detection rate of high grade 

stenoses is found in the underestimation of stenoses by CTA. Since the 

threshold for high grade stenoses was set at 70%, all high grade stenoses that 

were estimated to be below 70% with CTA were counted a false negative, 

accounting for the decrease of sensitivity. 
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The increase of specificity for high grade stenoses from 0.89 to 0.93 reflects the 

decrease of false positive segments. To understand this phenomenon, one 

must consider what causes a segment to be read as false positive. If the CTA 

image of a coronary segment contains artifacts or is simply of poor quality, the 

reader may believe to see a stenosis where there is none, thereby, creating a 

false positive result. The higher specificity observed for high grade stenoses 

reflects the lower number of false positive segments in this group. It can be 

concluded that most false positive findings were read as low grade stenoses. 

 

 

4.2.3. Lesion Location Within the Coronary Tree 

 
When analyzing the results of coronary CTA for each coronary branch 

separately, differences in outcome become evident. A number of factors can be 

held responsible for this phenomenon. Naturally, the size of the vessel 

contributes to the clear depiction in angiography, but vessel size alone is not the 

sole contributing factor (3,31). 

The velocity and the pattern of motion of each coronary segment are 

responsible for motion artifacts and hinder the clear depiction of the vessels. 

Each segment of the coronary tree has a different motion pattern during the 

cardiac cycle, depending on the location of the vessel. Because of their position 

within the coronary groove, the RCA and LCX are subjected to more rapid 

motion during diastole than the LAD. This is caused mainly by atrial contraction 

during end diastole (2). Recent studies have shown that performance of EBCT 

and MDCT angiography is reduced by coronary motion, and that this factor is 

most evident in those coronary segments in which velocity of motion is greatest, 

namely the LCX and the RCA (3,4,31,40,59,71,86,101). 
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Since rapid coronary motion causes a reduction of image quality, we expect to 

see better results for detection of coronary stenoses in those braches which 

experience less motion during diastole. The separate evaluation of the data for 

each coronary branch yielded the highest sensitivity (0.95) for detection of 

coronary lesions within the LAD compared to the RCA and LCX with values of 

sensitivity of 0.88 and 0.73, respectively. This result in accordance with the fact 

that the LAD experiences less rapid motion than the RCA and the LCX during 

the diastole phase of the cardiac cycle.  

Only slight variations of specificity were observed between the three coronary 

branches, suggesting that the different motion patterns do not induce a large 

difference in false positive findings. 

 

 

4.2.4. Coronary Calcium  

 
Calcification of the coronary vessels is a common phenomenon frequently 

observed in patients with coronary heart disease (16,97). Although extensive 

coronary calcification indicates a high plaque burden, it does not necessarily 

coincide with coronary stenosis (19). It has been shown that presence of 

calcium within a coronary plaque is a sign of plaque remodeling  which indicates 

coronary disease progression, but does not make the plaque more likely to 

rupture, causing an acute coronary event (16,18). 

 

There is much controversy on the subject of coronary calcium serving as a 

predictor of future coronary events (49,57,91,93). While there is no question 

that coronary calcium is an entity of coronary heart disease, its role as a risk 

factor has not been firmly established. This, in part, is due to the inconsistency 

of the ca-score itself, which has been shown to have a rather high interscan 

variability and is dependent of factors such as body mass index, tube current 

and scoring method (5,47,60,92,94,98,102). 
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Coronary calcification introduces a number of challenges in coronary CTA. 

Vascular calcifications can cause blooming artifacts, making the plaque appear 

larger than it actually is (24). In CTA this may be falsely interpreted as stenosis 

or obliteration of the vascular lumen.  

If the calcifications within a coronary vessel are of a similar density to the 

contrast enhanced lumen of this vessel, the calcified plaque may be mistaken 

for the actual vessel lumen. Vessels with extensive Calcifications may thus be 

falsely interpreted as patent. This phenomenon may be avoided by adjusting 

the window levels of the work station accordingly. Considering the pitfalls 

mentioned above, CTA exams showing coronary calcification must be read with 

caution.  

 

An interesting observation can be made when comparing the separate 

evaluations for patients with high and low calcium burdens. One might expect 

that the artifacts caused by the calcifications would result in a lower sensitivity 

for coronary lesions, but there is a 5% increase of sensitivity in the group of 

patients with high calcium scores. A possible explanation for this result is that 

the calcium within the plaque draws the attention of the reader, resulting in a 

higher sensitivity for calcified lesions. 

The dramatic decrease of positive predictive value (30%) in patients with high 

calcium scores is not surprising. It is caused by the overestimation of the 

calcified lesions, resulting in a very high number of false positive findings. This 

effect may be contributed to blooming artifacts caused by the high density of 

these lesions. 
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Fig. 30: Axial CT images from a contrast enhanced multi-row CT coronary 

angiography study showing calcifications of the LAD before (left image) and 

after (right image) application of contrast media. Assessment of the vessel 

lumen is hindered by the extensive vascular calcifications. 
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4.3. Soft Plaque 
 

Soft plaques are coronary lesions that show no calcification and contain a lipid 

core covered by a thin fibrous cap. These lesions are less stable than calcified 

plaque and are more likely to rupture causing an acute coronary event 

(20,48,69,100). Soft plaques cannot be differentiated from other coronary 

lesions with CCA since only the vessel lumen and not the tissue of the lesion 

itself is depicted with this modality. Intravascular ultrasound may be performed 

during CCA in order to determine plaque morphology, but is an expensive 

procedure which is not performed on a standard basis (88). Ideally, soft plaques 

may be identified with CTA since coronary calcium is evident in CT angiograms 

(58,89). The potential of assessing plaque morphology is a strong advantage of 

CTA, but the small size of coronary lesions and the rapid cardiac motion 

demand an increase in spatial and temporal resolution for the reliable depiction 

of plaque morphology.  

 

 

Fig. 31. Contrast enhanced multi-row CT coronary angiography studies showing 

soft plaques (arrows). (a) Multi-planer reformat showing soft plaque in the 

proximal LAD. (b) Thin slice MIP (Maximum Intensity Projection) showing a soft 

plaque in the proximal RCA. 

 

 

a b
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4.4. Influence of Contrast Media on Patient Heart Rate. 
 
A number of studies have succeeded in showing how rapid cardiac motion 

challenges the outcome of coronary CTA, emphasizing the importance of slow 

and steady patient heart rate for consistent CTA performance (39,59,67,72,90). 

The application of intravenous contrast media may cause undesirable variations 

in patient heart rate, jeopardizing the outcome of the study (61). 

An analysis of patient heart rates during the native scan and the contrast 

enhanced CTA scan was performed to determine if the application of contrast 

media caused significant change in heart rate. It could be shown, that no 

significant variation occurred. 

This however, does not mean that the heart rates of patients undergoing 

coronary CTA remains steady during the scan. The observed variations are not 

caused by contrast media, but by vagal nerve activation which occurs during 

breath hold (63). These variations are observed during both the native and the 

contrast enhanced scan. 

 

A clear drawback to the evaluation of the heart rate development during the 

native and the contrast enhanced scan is the limited time span of the ECG 

acquisition. Since the native scan is performed with a wider collimation than the 

contrast enhanced scan, it is considerably shorter, showing an average scan 

time of 20 sec. compared to 37 sec.. For this reason the comparison of the 

heart rate during the two scans was limited to the first 20 sec. after scan begin. 

A longer time range would be desirable in order to determine any effects that 

the application of contrast media might cause later than 20 sec. after 

application. 
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4.5. Limitation of the Study 

 

The results presented to this point have been limited to the evaluation of the 

proximal segments of the coronary tree. 96% of these segments could be 

evaluated with CTA. The statistical analysis of the data presents a true image of 

the collected data, since only 4% of the coronary segments had to be omitted 

from the evaluation due to poor quality of the CTA exam. 

 

The distal segments are excluded from the evaluation presented in the results 

section of this study because a large number (41%) of these segments could 

not be adequately visualized with CTA. An evaluation of all segments depicted 

with both CCA and CTA presents a false image of CTA performance, since it 

does not reflect the fact that 19% of the total number of segments are excluded 

from the analysis due to poor image quality. The results of this analysis are 

presented in Fig. 28. 

An evaluation including all 769 coronary segments is not permissible since the 

143 segments that could not be adequately depicted in CTA cannot be 

classified as stenosed (positive) or normal (negative). This classification is the 

basis of the statistical analysis.  

 

In order to allow the classification of the 146 remaining segments, the 

assumption can be made that all segments not adequately depicted in CTA are 

classified as normal (negative). In this case, every single segment can be 

categorized as true positive, false positive, true negative or false negative and 

all 769 segments may enter the evaluation. The results of this analysis are 

presented in Fig. 29 and show a relatively low value for sensitivity of 0.73. It 

must be emphasized, that this evaluation of the data is based on assumption 

and does not present a true image of the collected data. The resulting values 

however, may be closer to the truth, since they are not biased by omitting the 

coronary segments that could not be depicted with CTA. 
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Fig. 28. Sensitivity, specificity, positive and negative predictive value for MDCT 

detection of coronary stenoses greater than 50% diameter of vessel lumen in all 

coronary segments seen with both CTA and CCA. 

 

               
      CCA n(Pat.)= 70   
      Pos. Neg. n(Seg.)= 626   
  True Pos. False Pos. n(Sten.)= 129   
  P

os
. 

107 40      
  False Neg. True Neg.      
  

C
TA

 

N
eg

. 

22 457      
               
  Sensitivity: 0.83      
  Specificity: 0.92      
  Pos. pred. Value: 0.73      
  Neg. pred. Value: 0.95      
               

 

 

 

Fig. 29. Sensitivity, specificity, positive and negative predictive value for MDCT 

detection of coronary stenoses greater than 50% diameter of vessel lumen in all 

coronary segments. 
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4.6. Prospects of coronary CTA 
 

This study demonstrates the high potential of CTA as a diagnostic tool for CAD. 

Yet, there are many obstacles that must be overcome if coronary CTA is to 

become a standard procedure. The major interfering factors in coronary CTA 

are cardiac motion and the small size of coronary vessels. A further increase of 

spatial and temporal resolution is necessary to overcome these obstacles and 

produce consistent results for proximal as well as for distal coronary segments.  

The development in MDCT technology has been very rapid in recent years, and 

newer scanner generations offer significantly higher temporal resolution 

achieved by faster gantry rotation time. The major limiting factors for further 

increasing gantry rotation times are the physical G-force at high rotation speed 

and the very fast data transfer rate necessary at shorter acquisition times (34). 

With the present technology an increase of spatial resolution may be achieved 

by thinner collimation, but this invariably causes an undesirable increase of 

radiation dose to the patient. A feasible approach to reduction of the patient 

dose is ECG-dependant tube modulation (ECG-pulsing). This method reduces 

the effective dose by varying the tube current according to the recorded ECG-

trace of the patient. Full tube current is only needed during the diastole of the 

cardiac cycle since only data from this phase is used for image reconstruction. 

A significant reduction of patient dose is feasible with this method 

(34,35,38,45,54,99). 

 

The apex of the rapid technical development seen in recent years has surely 

not net been reached and further progress is to be expected. If the ongoing 

development in CT technology succeeds to diminish the challenges of coronary 

imaging, CTA has the potential of becoming a reliable non-invasive tool for the 

detection of CAD. 
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5. Summary 
 

The objective of this study was to investigate the potential of high resolution 

four-row MDCT coronary angiography with retrospective ECG-gating for the 

detection of coronary artery stenoses. This was achieved by comparing the 

method to a gold standard set by conventional invasive coronary angiography. 

 

A total of 70 patients scheduled for CCA were examined with CTA 1 – 2 days 

prior to conventional coronary angiography. 

 

All patients were examined with a MDCT scanner capable of acquiring 4 slices 

per gantry rotation. 

 

Initially a native MDCT scan was performed with a detector collimation of 4 × 

2.5 mm. These images were used to determine the scan volume and for 

quantification of coronary calcification. 

After intravenous injection of non-ionic contrast media the entire heart volume 

could be scanned within a single breath hold with a slice with of 1.25mm (of 4 × 

1mm collimation). All images were reconstructed from the MDCT data sets 

using retrospective ECG-synchronized gating. Each coronary segment was 

analyzed for the presence or absence of coronary stenoses and the location 

and extent of each lesion was recorded.  

 

The results of CTA were compared with those of CCA in order to determine 

sensitivity, specificity, positive and negative predictive value for the detection of 

coronary stenoses with four-row MDCT angiography. 

 

Further data analyses were performed to demonstrate the potentially interfering 

influence of variations in lesion size, heart rate, coronary calcification and lesion 

location within the coronary tree. Additionally, the influence of iodinated contrast 

media on mean patient heart rate was analyzed. 
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A total of 420 proximal coronary segments (segment 1, 2, 5, 6, 7 and 11) were 

evaluated with conventional coronary angiography. Of these segments 406 

(96%) could be evaluated with MDCT angiography. The remaining 14 segments 

could not be adequately depicted due to image artifacts. 41% of the distal 

coronary segments could not be adequately depicted in CTA. 

 

The statistical analysis to determine MDCT performance for the detection of 

coronary lesions greater 50% of vessel diameter in proximal coronary segments 

yielded high values for sensitivity (0.89) and specificity (0.90). Positive and 

negative values were 0.73 and 0.96, respectively. 

 

The further evaluations accounting for lesion size, heart rate, coronary 

calcification and lesion location within the coronary tree all revealed variations 

of MDCT angiography performance. These factors possess the potential of 

influencing the results of MDCT coronary angiography in a negative manner. 

 

In order to demonstrate how the intravenous application of non-ionic contrast 

media might influence patient heart rate, a comparative analysis of the mean 

heart rates of the 70 patients during the native and the contrast enhanced scan 

was performed. No significant difference of heart rate could be determined (p < 

0.05), suggesting that the applied quantity of iodinated contrast media does not 

cause significant variations in patient heart rate. 

 

The results presented in this study indicate a high potential of MDCT 

angiography with retrospective ECG-gating for the detection of coronary 

stenoses. If a further reduction of image artifacts caused by cardiac motion can 

be achieved, coronary CTA may establish itself as a sensitive and readily 

available modality for the non-invasive detection of CAD. 
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6. Appendage 
 

6.1. Raw Data 
 

The following charts contain the original data collected during the study. 

 

Fig. A1 lists the age, gender, number of stenosed vessels, mean heart rate 

during native and contrast enhanced scan, calcium score and the number of 

segments that could be evaluated in CCA and CTA respectively for each of the 

70 patients. 

 

Fig. A2.1 – A2.4 show the spreadsheet used for recording the stenosed 

coronary segments detected with CCA as well as CTA. Each coronary vessel is 

represented in a separate chart. The lesions are classifies by the extent of 

lumen narrowing determined by each diagnostic modality with separate 

columns for each possible combination of variables. Proximal and distal lesions 

are recorded in separate columns (proximal lesions presented in black figures, 

distal lesions presented in gray figures). 

This classification of the data facilitates the statistical analysis since each single 

combination of variables (lesion size and lesion location) is represented in a 

separate column. 

It must be noted that the lesions listed in these charts do not all represent true 

positive findings although they were all diagnosed with CAA as well as with 

CTA. For example, if a lesion was classified as < 50% with CTA and 50-70% 

with CCA. This lesion counts as a false negative if the threshold of stenosis is 

defined to be all lesions > 50%. This example demonstrates the importance of 

the exact classification of each finding. 
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Fig. A3.1 - A3.4 presents the lesions seen in only one of the two imaging 

modalities. By definition these lesion are either false positive or false negative. 

The false negative findings are divided into two groups. The first group contains 

the coronary lesions that were missed with CTA although the coronary segment 

could be evaluated. The second group contains lesions that were missed with 

CTA because the coronary segment could not be depicted with this imaging 

modality. 

Again, each lesion is categorized according to extent of stenosis diagnosed with 

each modality. Each lesion is consequently recorded in separate columns 

accounting for lesion size and lesion location. 

 

Fig. A4.1 and A4.2 lists the heart rate of each patient measured at 1 sec. 

intervals after scan begin for a duration of 20 sec. Each row represents the 

calculated values for an individual patient. Blank cells occur when the heart rate 

is below 60 beats per minute so that some 1 sec. intervals do not contain a 

single heart beat. 
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Fig. A1 
 

Pat. 
Number Age Gender 

Number of 
Stenosed 
Vessels 

Mean 
Heart Rate 
Nat.  Scan

Mean 
Heart Rate 
CTA Scan

Ca.-Score 
(Agatston) 

Segments 
seen in 

CCA 

Segments 
seen in 

CTA 
1 46 Male 1 58 57 0.3 10 9 
2 55 Male 0 56 59 159.5 11 9 
3 67 Male 1 63 67 678.5 10 7 
4 61 Male 4 42 43 291.8 11 10 
5 48 Male 1 69 68 22.7 10 8 
6 62 Male 3 46 44 3138.1 11 11 
7 68 Male 0 64 70 0 10 8 
8 54 Male 0 59 58 500.8 10 9 
9 70 Female 0 80 79 31.4 10 5 

10 65 Male 1 81 75 1177.8 11 9 
11 59 Male 1 90 91 328.5 11 10 
12 60 Male 2 67 66 89.4 11 11 
13 73 Female 1 107 68 3.7 10 7 
14 61 Male 1 78 81 86.6 11 7 
15 61 Male 1 53 48 52.5 11 7 
16 44 Male 0 69 57 0 10 7 
17 72 Male 2 58 56 120.2 12 12 
18 62 Male 1 66 67 0 10 8 
19 71 Male 1 63 68 64.3 10 6 
20 61 Male 2 50 51 278.3 10 10 
21 67 Male 2 60 61 443 13 13 
22 61 Male 0 66 77 0 10 7 
23 37 Male 0 77 65 1 10 9 
24 67 Male 3 57 59 1524 16 15 
25 41 Male 3 59 57 6.7 13 12 
26 47 Female 1 58 68 0 10 10 
27 66 Male 3 51 47 1912.2 14 12 
28 50 Male 2 61 72 650 15 12 
29 66 Male 0 62 66 433.1 10 7 
30 61 Male 3 58 53 1183.4 11 9 
31 69 Female 1 59 58 97.9 10 10 
32 47 Male 1 64 59 540.6 12 12 
33 50 Male 0 64 67 0 10 8 
34 57 Male 1 51 48 687.2 12 10 
35 73 Male 3 66 64 656.2 13 12 
36 70 Male 3 46 46 298.9 13 11 
37 56 Male 2 46 51 68.5 11 9 
38 33 Male 0 53 60 0 10 7 
39 66 Female 0 76 75 28.6 10 9 
40 64 Female 1 61 62 4.7 10 9 
41 47 Male 2 70 70 6.1 12 8 
42 59 Male 1 66 74 53 10 9 
43 73 Female 1 58 62 876.6 10 9 
44 38 Male 1 73 74 0 11 8 
45 66 Male 1 52 57 106.6 11 8 
46 66 Male 2 64 59 2211.8 13 12 
47 58 Male 2 51 52 3.6 10 8 
48 50 Male 1 49 59 13.7 12 10 
49 58 Female 1 74 85 30.7 11 6 
50 56 Male 3 53 53 152.2 11 9 
51 60 Male 1 67 78 253.3 10 4 
52 71 Male 0 60 66 523.5 10 10 
53 63 Male 0 65 67 220.3 10 10 
54 74 Male 3 77 56 364.6 10 10 
55 69 Male 0 69 67 0 10 4 
56 58 Male 0 70 69 4 10 7 
57 47 Male 3 70 65 169.4 12 9 
58 51 Male 1 74 54 227.4 10 10 
59 57 Male 1 54 51 132 11 11 
60 44 Female 0 92 92 0 10 7 
61 69 Female 1 56 55 124.8 12 9 
62 65 Male 2 53 52 273.4 11 10 
63 67 Male 3 69 68 154.2 14 11 
64 59 Male 1 58 58 153.5 11 6 
65 71 Male 1 51 53 130.1 12 11 
66 48 Male 2 72 73 159.1 11 8 
67 69 Male 1 55 54 1112.3 11 9 
68 76 Female 0 69 68 73.9 10 7 
69 60 Female 0 53 56 0 10 7 
70 71 Female 0 61 62 2.2 10 6 
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Fig. A2.1 
 

  RCA 
CCA <50% <50% <50% 50-70% 50-70% 50-70% >70% >70% >70% 
CTA <50% 50-70% >70% <50% 50-70% >70% <50% 50-70% >70% 

1 1                                   
2                                     
3                                     
4                 1                   
5 1                               1   
6                 1               1   
7                                     
8 1                                   
9                                     

10                                     
11 1                                   
12                                 1   
13                                 2   
14                                     
15                                     
16                                     
17     1                               
18                                     
19                 1               1   
20                             1       
21                                 2   
22                                     
23                  1                   
24                                 2   
25 1               1               1   
26                                     
27                                2   
28                                 1   
29                                     
30 1                               1   
31                                     
32 1   1                         1     
33                                     
34                                     
35                                 2   
36                             2       
37                                     
38                                     
39                                     
40                                     
41                                 1   
42 1               1               1   
43 1                                   
44                                     
45                                     
46 1               1         1         
47 1                                   
48     1                               
49                                     
50                 1                   
51 1                                   
52                                     
53                                     
54                                 1   
55                                     
56                                     
57                                 1   
58                                     
59                                     
60                                     
61                                     
62                 1                   
63                                     
64                                 1   
65                                     
66                 1               1   
67                     1               
68                                     
69                                     
70                                     

Sum 12 0 3 0 0 0 0 0 10 0 1 0 0 1 3 1 23 0 
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Fig. A2.2 
 

  LAD 
CCA <50% <50% <50% 50-70% 50-70% 50-70% >70% >70% >70% 
CTA <50% 50-70% >70% <50% 50-70% >70% <50% 50-70% >70% 

1 1           1                       
2 1 1                                 
3                                 1   
4                 2                 1 
5 1                                   
6                     1           1   
7                                     
8                                     
9         1                           
10                                 1   
11                 1     1             
12                                     
13                                     
14                                 1 1 
15                                 1 1 
16 1                                   
17                                 1   
18                 1                   
19 1                                   
20                                 1   
21                                 1   
22                                     
23                                     
24                                 2   
25     1                               
26                                 1   
27                                 1 3 
28                                 2   
29   1                                 
30 1                               1   
31 1                                   
32         1 2                         
33                                     
34                 1 1             1   
35                                 2   
36                   1 1               
37                                 1   
38                                     
39 1 1                                 
40 1                               1   
41                                 1   
42                                     
43 1                                   
44                                     
45 1                 1                 
46   1                                 
47 1               1                   
48 1             1   1                 
49                         1     1     
50                               1 1   
51                                 1   
52 1                                   
53                                     
54                             1       
55                                     
56                                     
57                   3                 
58       1                             
59                                 1   
60                                     
61                             1     1 
62                                 2   
63                               1 1   
64                                     
65 1                               1   
66 2                                   
67         1                           
68 2                                   
69                                     
70                                     

Sum 19 4 1 1 3 2 1 1 6 7 2 1 1 0 2 3 28 7 
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Fig. A2.3 
 

  LCX 
CCA <50% <50% <50% 50-70% 50-70% 50-70% >70% >70% >70% 
CTA <50% 50-70% >70% <50% 50-70% >70% <50% 50-70% >70% 

1                                     
2                                     
3                                     
4                                 1   
5                                     
6                     1               
7 1                                   
8 1                                   
9                                     
10                                     
11 1                                   
12                                   1 
13                                     
14                                     
15                                     
16                                     
17                                     
18                                     
19                                     
20                                     
21                                     
22                                     
23                                     
24                                 1   
25                         1           
26                                     
27                                     
28                                     
29                                     
30                                 1 1 
31                                     
32                                     
33                                     
34         1                           
35                                     
36                                     
37                                 1   
38                                     
39                                     
40                                     
41                                     
42                                     
43                 1                   
44                                     
45                                     
46                                 1   
47                 1                   
48 1   1                               
49                                     
50                                 1   
51                                     
52                                     
53                                     
54                     1               
55                                     
56                                     
57                 1                   
58                                     
59                                     
60                                     
61                                     
62                                     
63                                     
64                                     
65                                     
66 1                                   
67                                     
68 1                                   
69 1                                   
70                                     

Sum  7 0 1 0 1 0 0 0 3 0 2 0 1 0 0 0 6 2 
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Fig. A2.4 
 

  LM 
CCA <50% <50% <50% 50-70% 50-70% 50-70% >70% >70% >70% 
CTA <50% 50-70% >70% <50% 50-70% >70% <50% 50-70% >70% 

1 1                                   
2                                     
3 1                                   
4                                     
5                                     
6                                     
7                                     
8                                     
9                                     
10                                     
11                                     
12                                     
13                                     
14                                     
15                                     
16                                     
17                                     
18                                     
19                                     
20                                     
21                                     
22                                     
23                                     
24                                     
25                                     
26                                     
27                                     
28                                     
29                                     
30                                     
31                                     
32                                     
33                                     
34                                     
35                                     
36 1                                   
37                                     
38                                     
39                                     
40                                     
41                                     
42                                     
43                                     
44                                     
45                                     
46                                     
47                                     
48                                     
49                                     
50                                     
51                                     
52                                     
53                                     
54                                     
55                                     
56                                     
57                                     
58                                     
59                                     
60                                     
61                                     
62                                     
63                                 1   
64                                     
65                                     
66                                     
67                                     
68                                     
69                                     
70                                     

Sum  3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 
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Fig. A3.1 
 

RCA   
False Neg. (seen) False Neg. (not seen) False Pos. 

CCA <50% 50-70% >70% <50% 50-70% >70% 0 0 0 
CTA 0 0 0 Not seen Not seen Not seen <50% 50-70% >70% 

1                                     
2                     1               
3                                     
4                                     
5                                     
6                                     
7                                     
8                                     
9                                     
10                             1       
11                                     
12                                     
13                                     
14                                     
15                                     
16                                     
17                                     
18                                     
19                                     
20   1 1     1                         
21                                     
22                                     
23                                     
24                                     
25                                     
26                         1   1       
27                                     
28                                     
29                                     
30                                     
31 1                                   
32                                     
33                                     
34                             1       
35                                     
36                                     
37                                     
38                         1           
39                                     
40                                   1 
41         1                           
42                                     
43                                     
44                                     
45                                     
46                                     
47                                     
48                                     
49                       1             
50         1                           
51                                     
52                                 1   
53                                     
54                                     
55                                     
56                                     
57                                     
58         1                           
59                                     
60                                 1   
61                                     
62                                     
63     1                           1   
64                                     
65                                     
66                                     
67                                     
68                                     
69                                     
70                                 1   

Sum 1 1 2 0 3 1 0 0 0 0 1 1 2 0 3 0 4 1 
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Fig. A3.2  
 

LAD   
False Neg. (seen) False Neg. (not seen) False Pos. 

CCA <50% 50-70% >70% <50% 50-70% >70% 0 0 0 
CTA 0 0 0 Not seen Not seen Not seen <50% 50-70% >70% 

1                                     
2                                     
3                                     
4                                     
5                                     
6                                     
7                                     
8                                     
9                                   1 
10                                 1   
11                                     
12                             1       
13                                     
14                                     
15                                     
16                                     
17                                     
18                         1           
19                                     
20                                     
21               1                     
22                                 1   
23                                 1   
24                                     
25       1 1                           
26                                     
27                                     
28                                     
29                         1           
30                                     
31                                     
32                         1           
33                                     
34                                     
35                                     
36                                     
37                                     
38                         1           
39                                     
40                                     
41                                     
42                                 1   
43                                     
44                                     
45                                     
46                               1     
47                                     
48                                     
49                                     
50                                     
51                                     
52                               1     
53                                 1   
54         1                           
55                                     
56                             1       
57                                     
58                                     
59                               1     
60                             1       
61                             1       
62                                     
63                       1             
64                                     
65                   1                 
66                                     
67                                     
68                                     
69                                     
70                                 1   

Sum 0 0 0 1 0 2 0 1 0 1 0 1 4 0 4 3 6 1 
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Fig. A3.3 
 

LCX   
False Neg. (seen) False Neg. (not seen) False Pos. 

CCA <50% 50-70% >70% <50% 50-70% >70% 0 0 0 
CTA 0 0 0 Not seen Not seen Not seen <50% 50-70% >70% 

1                                     
2                                     
3                                     
4                                     
5                                     
6           1                         
7                                     
8                                     
9                             1       
10                                     
11                                     
12                                     
13                                     
14                                     
15                                     
16                                     
17 1 2                                 
18                                     
19                                     
20                                     
21               1                     
22                                     
23                                     
24                                     
25                   1                 
26                                     
27       1                             
28             1                       
29                                     
30                                     
31                                     
32                                     
33                                     
34                       1             
35         1                           
36       1 1 1                         
37                                     
38                             1       
39                             1       
40                                     
41                 1     1             
42                                 1   
43                                     
44       1                         1   
45                                     
46               1   1                 
47                                     
48                                     
49                       2             
50                     1               
51                                     
52                                     
53                                     
54                                     
55                                     
56                                     
57                                     
58                                     
59                                     
60                                     
61                       1             
62                   1                 
63                                     
64                       1             
65                                     
66         1                           
67                   1   1             
68               1                     
69                                     
70                                     

 Sum 1 2 0 3 3 2 1 3 1 4 1 7 0 0 3 0 2 0 
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Fig. A3.4 
 

LM   
False Neg. (seen) False Neg. (not seen) False Pos. 

CCA <50% 50-70% >70% <50% 50-70% >70% 0 0 0 
CTA 0 0 0 Not seen Not seen Not seen <50% 50-70% >70% 

1                                     
2                                     
3                                     
4 1                                   
5                                     
6                                     
7                                     
8                                     
9                                     
10                                     
11                                     
12                                     
13                                     
14                                     
15                                     
16                                     
17                                     
18                                     
19                                     
20                                     
21                                     
22                                     
23                                     
24                                     
25                                     
26                                     
27                                     
28                                 1   
29                                     
30                                     
31                                     
32                                     
33                                     
34                                     
35                                     
36                                     
37                                     
38                                     
39                                     
40                                     
41                                     
42                                     
43                                     
44                                     
45                                     
46                                     
47                                     
48                                     
49                                     
50                                     
51                                     
52                                     
53                                     
54                                     
55                                     
56                                     
57                                     
58                                     
59                                     
60                                     
61                                     
62                                     
63                                     
64                                     
65                                     
66                                     
67                                     
68                                     
69                                     
70                                     

 Sum 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 
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Fig. A4.1 
 

  Heart Rate During Native Scan 

Sec.  1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
1 70 61 58 57 57 58 58   58 58 58 55 56 55 56 58 58 59 59 58 
2 56 59 58 55 56 54 53 54 56 56 57 58 57   57 56 54 54 56 53 
3 66 63 61 54 58 60 61 63 65 62 65 65 65 65 65 66 65 68 64 67 
4   46 44   43 42 41   41 41   41 42   41 41 41   42 42 
5 71 71 70 69 69 68 68 69 69 69 68 68 68 67 67 68 68 68 69 70 
6 45 39 61 51   47 49 47 46   45 44 44   43 42   42 42 42 
7 54 61 62 61 62 62 62 63 63 65 65 65 65 65 65 65 65 66 68 68 
8 65 59 57 57 57 57 58 58 59 59 61 59 60 60 59 60 59 59 58 58 
9 77 73 73 76 78 80 82 83 86 84 84 83 81 82 78 80         

10 85 59 79 80 109 57 77 78 79 107 57 83 75 136 68 71 78 108 61 75 
11 95 86 94 109 93 106 98 77 54 65 82 92 73 106 93 107 108       
12 67 66 65 65 65 65 67 67 67 68 68 68 68 69 68 67 68 67 67 67 
13 77 73 65 96 63 129 101 135 132 89 161 130 106 106 89 117 79 94 131 161
14 86 78 74 76 78 78 77 76 77 79 76 78 77 78 79 79 80 79 82   
15 54 52 52 52 52   51 51 80   43 49 51 52 52   52 53 52 52 
16 68 52 49 51 54 59 65 70 73 75 76 77 78 79 79 76 77 76 78 73 
17 57 58 57 57 57 57 57 58 58 58 58 58 58 58 58 58 57 57 57 58 
18 73 66 64 63 63 65 66 65 66 68 68 68 69 68 70 68 66 65 63 61 
19 72 71 68 66 67 33 69 70 70   24     24 75 74 74 74 75   
20 54 53 52 49 49   49 48 49 49   48 48 48 49 50   51 52 52 
21 57 57 57 58 58 57 58 58 59 61 61 61 61 61 62 61 61 63 62 61 
22 69 68 67 66 65 65 65 65 65 65 65 65 65 65 66 66 66 65 65 63 
23 67 68 70 71 72 73 73 75 78 78 81 84 81 80 79 79 78 82 82 83 
24   58 49 43 59 50   61 59 63   51 47 63 43 57 50 63 55 95 
25 54 55 57 58 58 60 60 61 61 61 61 61 62 61 59 59 59 59 60 59 
26 66 62 59 55 57 59 57 58 58   50 57 52 54 57 58 61 59 59 59 
27 53 51 50   50 49 49 49   49 49 51 51 51 51   51 51 52 52 
28 65 62 61 61 61 61 61 61 63 64 62 62 61 59 61 61 60 61 61 61 
29 103 104 59 58 57 58 57 57 57 57 57 58 58 57   57 56 56 60 54 
30 56 56 57 57 57 57 58 59 59 60 60 61 59 59 58 59 57   57 57 
31 60 59 59 58 60 60 59 58 60 59 59 58 59 59 59 59 58 57 58 58 
32 59 60 61 63 62 63 65 67 68 65 65 65 66 65 65 65 65 64 67 66 
33 61 61 61 61 62 62 63 64 64 63 63 63 62 65 64 66 66 66 68 71 
34 49 49   50 50 51 51 51 51   50 51 52 51 52 51   52 51 52 
35 64 65 65 65 65 66 65 65 65 65 64 64 64 65 65 64 65 107 51 64 
36 49 42   43 44 44   45 46 46 46   47 48 48 49   48 49   
37   47 45 44   44 46 46   46 46 46   46 47 47 47   47 48 
38 46   47 48 48 50 52   52 52 54 53 55 55 56 56 56 56 56 55 
39   66 77 77 76 75 127 54 74 77 76 75 74 74 74 75 74 74     
40 55 55   57 57 58 59 60 61 63 64 65 64 64 64 63 63 63 63 64 
41 63 62 63 65 67 69 70 71 73 73 73 71 71 72 72 73 75 76 74 76 
42 72 72 69 68 66 66 66 65 67 65 67 65 65 65 67 65 65 65 64 63 
43 60 57   57 56 57 59 59 60 61 59 59 60 58 58 56 57 57 56 57 
44 87 77 72 69 72 73 75 73 71 73 67 72 69 70 69           
45   50 50 51 51 51 52 52   52 53 54 53 53 53 52   53 53 53 
46 63 62 63 63 63 64 63 64 64 63 63 63 64 64 63 64 65 64 65 66 
47 51   50 50 50 50 51   51 52 51 51 51 51   50 50 50 50 52 
48 55 48 47 47   49 50 50 52 51 50   50 48 48 47   47 49 47 
49 75 72 73 73 73 73 72 72 73 74 74 74 75 76 76 77 77 77     
50 57 45 49   51 57 59 58 47 50 50 57   51 53 54 55 54 54 55 
51 70 71 68 68 65 65 65 65 66 65 67 68 65 68 68 67 68 66 67 65 
52       12 59 62 60 60 61 61 62 63 63 64 64 65 65 65 65 64 
53 67 63 61 62 62 62 62 63 64 65 66 67 68 68 69 68 67 67 67 68 
54 65 52 54 159 58 58 61 52 66 53 73 66 55 173 90 66 70 63 69 145
55 72 70 70 69 68 69 68 69 68 68 69 70 70 69 70 69 69 69     
56 83 74 69 68 67 66 65 65 68 65 67 68 69 70 72 73 72 73 72   
57 73 71 69 70 71 71 71 70 70 70 69 70 68 68 68 68 68 69 69 67 
58 53 52 51 52 53 48 56   51 49 156 57 49 53   60 181 52 133 124
59 55 56 56 55 54 53 53   53 53 53 52 52 53 53 54   53 52 53 
60 98 90 91 95 94 93 92 92 91 89 91 89 89 90 89 92 92 94 99 97 
61 49 56 57   56 57 57 57 56 57 57 57 57 56 57 58 57 57 57 57 
62 54 52 52 51   53 52 52 53 53 54 54 53   53 53 53 53 54 55 
63 70 69 69 91 54 63 65 67 68 99 55 66 68 68 68 69 68 68 68 68 
64 57 56 55 55   57 55 56 57 57 58 59 58 62 59 58 58 59 65 63 
65 54 54 54 53 45   47 48 49 50   50 56 56 54 52 47 49   50 
66 76 78 75 73 73 71 71 70 70 71 70 70 70 68 69 70 71 72 72 70 
67   53 54 54 55 54 54 55 55 55 56 55   56 55 56 55 57     
68 72 68 66 68 68 68 67 65 66 66 68 67 68 68 70 72 72 73 72 72 
69 55 54 53 52 52 52 54 54   54 53 53 53 52 51 50   51 52 51 
70 59 56 56 57 58 59 59 60 61 61 61 61 61 63 64 65 64 66 66 67 
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Fig. A4.2 
 

  Heart Rate During Contrast Enhanced Scan 

 Sec. 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
1 63 58 55 54 53 54 54 55 54   54 54 55 57 58 59 60 61 61 62 
2 58 59 61   59 58 57 57 57 57 57 58 58 58 58 59 59 60 61 61 
3 71 67 66 65 65 65 66 65 64 65 67 66 66.5 68 67 66 68 68 67 71 
4   43 46 43   43 42 42   43 42   42 42 41   42 43   42 
5 72 70 68 68 68 68 68 69 70 69 70 68 68 68 67 68 68 67 68 67 
6 41 45 41 72 46   43 43   41 41   41 41 40   40 41   41 
7 69 63 71 61 68 66 64 72 71 72 72 72 71 70 70 73 73 74 75 77 
8 53 60 57 55 55 55 56 57 57 58 59 59 57 62 59 59 59 58 58 59 
9 80 75 72 72 72 73 76 77 78 80 80 82 82 82 82 80 83 84 83 84 

10 73 67 68 68 69 69 68 70 69 69 70 72 71 71 72 70 72 127 54 122
11 97 85 76 83 82 86 85 85 74 112 93 67 112 93 105 83 101 93 107 105
12 65 65 63 62 63 64 65 65 65 66 67 68 68 70 68 68 66 66 66 65 
13 69 68 68 86   49 58 65 82 99 59 66 65 66 67 84   49 59 68 
14 77 76 74 76 77 77 78 76 77 77 80 83 84 86 86 88 86 88 91 90 
15 54 54 51 49 47   46 46 45   46 47 47 47   48 48 48 49   
16   53 48 47 49   50 50 53 55 57 58 62 61 60 62 69 70 63 61 
17 59   55 54 54 54 54 54 55 55 56 55 56 55   56 57 57 57 57 
18 73 80 74 68 63 61 62 62 62 63 65 66 69 68 67 68 67 66 66 66 
19 73 72 69 33 66 64 65 65 66 67 69 69 71 72 73 73 73 73 75 74 
20 53 51 50 52 52   50 49 48 50 51   52 53 53 52 51 51 52   
21 61 59 58 59 58 58 59 59 59 60 61 63 62 62 65 64 65 65 65 65 
22 72 85 64 72 73 73 74 74 72 74 74 75 77 78 79 80 82 84 86 85 
23 72 73 73 70 66 64 61 61 60 60 57 55 59 61 65 66 66 67 68 66 
24 78 72 72 66 65 61 49 41 54 49 63 75   43 56 47 54 60 54 68 
25 51 51 54 55 58 59 59 60 61 61 62 61 60 60 58 56 55   55 56 
26 71 69 68 67 64 63 65 66 67 66 67 67 68 68 69 72 70 71 71 72 
27   29     26 51 50 50 50   51 51 50 50 50   50 50 50 50 
28 77 69 68 67 67 68 67 68 69 71 70 71 71 72 73 74 75 77 77 79 
29 57 56 57 55 57 112 76 58 58 59 59 59 106 80   58 56 56 57 81 
30 55 53 53 53 53 53   52 53 53 52 52 52 51   51 51 53 53 55 
31   58 57 55 56 57 57 57 58 58 58 59 59 58 59 60 59 61 61 61 
32 54 53 53 54 56 57 57 58 58 61 61 61 61 62 64 65 63 63 63 63 
33 67 68 68 67 68 67 65 65 63 63 63 64 67 68 68 68 68 68 68 68 
34 51 47 47 47 47   47 47 47 47   48 48 47 49   49 49 49 50 
35 64 64 63 63 62 63 63 64 64 64 65 64 65 64 64 65 65 65 65 65 
36 45 45   44 39 46   47 51 43 45   45 45 44   47 48 50 49 
37 86   35 49 49 95 34   49 49 49 48   46 46 44   44 45 45 
38 62 68 63 55 52 53 54   51 52 54 57 61 62 61 61 63 63 66 73 
39 69 68 68 68 69 69 69 72 72 72 74 73 73 74 75 133 64 80 79 79 
40 68 58 56 54 54 55 58 60 61 61 63 62 63 63 64 65 65 66 68 68 
41 73 66 65 65 65 65 67 66 68 71 72 72 72 72 73 72 71 72 72 73 
42 73 72 72 70 70 68 69 70 71 72 73 74 75 77 79 78 78 79 80 80 
43 65 63 62 61 63 63 65 63 65 65 66 65 65 65 67 73       13 
44 86 76 72 72 73 75 72 77 72 72 72 71 74 73 72 73 72 73 73 73 
45 53 56 56 56 56 57 56 56 58 62 59 58 58 57 58 57 57 58 58 59 
46 61 61 60 59 59 59 58 57 57 58 58 59 58 58 59 59 59 60 61 60 
47 53 52 53 51 51 51   51 51 52 52 52 52 53   53 53 54 53 54 
48 54 52 52 53 54 56 57 58 58 57 59 59 61 60 61 63 65 65 69 72 
49 79 80 81 80 83 83 85 87 101 81 83 101 79 84 85 88 85 84 85 85 
50 57 58   53 52 54 53 53 53 53 53   52 52 52 53 52 49 52   
51 75 78 81 80 78 78 77 78 77 76 75 77 77 77 78 77 77 78 79 81 
52 119 117       16 61 60 59 58 61 62 62 63 62 63 65 64 65 65 
53 68 67 64 64 64 64 65 64 64 65 65 66 67 69 70 71 69 69 72 73 
54 57 53   53 58 49 53 53 57 54 56 55 57 57   58 57 57 58 63 
55 72 73 69 68 69 66 63 64 65 65 66 65 66 65 66 65 65 67 69 68 
56 74 72 70 69 67 66 65 65 65 67 66 68 68 70 70 73 71 72 72 72 
57 65 65 64 65 66 68 67 66 65 67 65 65 65 65 64 64 64 64 66 67 
58 55 52 52 51   51 53 53 53 54 53 54 54 54   54 57 56 57 57 
59 56 56 56 54 52 53 51 51   51 51 51 50 48   49 48 49 49 49 
60 98 95 88 88 87 85 86 86 88 88 89 92 92 92 94 95 96 99 99 98 
61 53   53 53 54 53 54 54 56 56 55 54 55   56 54 56 55 55 55 
62 55 49   50 51 51 52 52 53 53   53 53 53 53 53 52 53 52   
63 70 71 68 100 53 63 65 65 65 66 67 67 68 68 68 68 68 68 68 69 
64 56 54 54 56 54 54   55 55 55 56 56 57 61 60 61 65 65 64 64 
65 54 57 57   51 51 51 50 52 52   53 54 52 53 54 53 54 56 57 
66 74 72 72 70 71 73 73 72 73 73 73 73 72 73 72 72 73 74 76 78 
67 54 54 54 54   53 53 53 53 54 53 54 54 54   55 56 56 57 57 
68 76 72 68 64 64 65 65 65 64 65 65 65 67 68 70 71 73 72 73 73 
69 57 56 53 52   52 52 52 53 54 55 55 57 57 57 58 58 59 59 61 
70 65 58 57 58 59 59 59   59 59 59 59 60 63 64 65 66 66 68 68 
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