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Abstract

The introduction of multi-slice computed tomography (MSCT) has allowed non-invasive coro-
nary angiography. Although widely applied, extensive information on technical details of the
technique is lacking. In this manuscript, detailed information is provided on patient prepara-
tion, data acquisition, reconstruction and interpretation is provided. In addition, a summary on
the available studies using MSCT for non-invasive angiography is provided. Based on pooled
analysis of direct comparisons between MSCT and invasive angiography, the weighted mean
sensitivity and specificity of current 16-slice MSCT to detect coronary artery disease are 88%
and 96% respectively. At present, the technique is particularly well-suited to reliably exclude
coronary artery disease. It is important to emphasize that MSCT only provides anatomical im-
ages, visualizing the presence of atherosclerosis, but information on the hemodynamic signifi-
cance of these lesions (i.e. ischemia) can not be derived.
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Introduction

Multi-slice computed tomography (MSCT) has attracted a lot of attention recently. This technique al-
lows non-invasive visualization of the coronary arteries and comparison with invasive coronary angi-
ography has yielded good results '2. In particular, many studies have recently been published on the
accuracy of MSCT to detect (or exclude) coronary artery disease. Currently, comprehensive information
on the technique and its clinical value is lacking. In this manuscript, a summary is provided on the data
acquisition, reconstruction and analysis with MSCT; also, a summary on the accuracy of the technique
to assess coronary artery disease, based on the available studies, is provided.

How to perform MSCT, data acquisition

Various issues are of importance in data acquisition with MSCT. High heart rates influence image
quality and patients with heart rates =65 bpm should receive beta-blockers orally before the scan,
unless contra-indicated. Patients with (supra-)ventricular arrhythmias should not undergo MSCT un-
less software that allows the editing of the ECG is available (see below) “.

The contrast agent should be administered through an antecubital vein to allow high flow rates °.
High intravascular attenuation and low beam-hardening artefacts in the right heart are recommend-
ed for an optimal MSCT coronary angiogram (CA). On average a bolus of 100 ml of iodine contrast
material (350-400 mgl/ml) administered at 3-5 ml/s, immediately followed by 40 ml saline, provides
optimal arterial enhancement %7, To synchronize the arrival of contrast material in the coronary arter-
ies and the scan, a test bolus or bolus tracking can be used *%.

The optimal scan protocol results in high spatial resolution (thinner collimation), a high temporal
resolution (faster gantry rotation) with low radiation exposure (prospectively ECG-triggered tube
current modulation ?) compatible with a good signal to noise ratio (Figure 1).

Abbreviations: Ao= ascending
aorta; LA= left atrium; LV= left ven-
tricle; LAD= left anterior descend-
ing; LCX= left circumfiex;

RA= right atrium; RV=right ven-
tricle; RCA=right coronary artery;
PDA= posterior descending artery.

Figure 1. Three-dimensional volume rendering using 64-slice MSCT. Small diagonal branches of the LAD (Panel
A, arrowhead), the obtuse marginal branches of the LCX (Panels A, arrow and B, arrowhead), the acute marginal
branches of the RCA (Panel B, arrow), and the PDA are clearly visible.
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How to perform MSCT, data reconstruction

Since the ECG is simultaneously registered during the examination, the acquired raw data can be
reconstructed at any time point during the cardiac cycle. When performing these reconstructions,
several approaches can be used, which are depicted in Figure 2 '%"". During the most widely used ap-
proach, data are reconstructed at a fixed percentage delay based on the R wave. However, data can
also be reconstructed using an absolute prospective delay based on the previous R wave, although
this technique is more sensitive to minimal variations in heart rate and therefore may result in data
inconsistencies. The third approach, which is also frequently applied, utilizes an absolute reverse
delay based on the upcoming R wave. As a result, data are reconstructed during end-diastole regard-
less of the absolute heart rate or potential variations in heart rate. Finally, the temporal window can
theoretically also be positioned on the top of the P wave. Although this approach allows accurate re-
construction of data in end-diastole, it is not commonly performed due to the current unavailability

of software that recognizes P waves.
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Figure 2. Retrospective reconstruction of MSCT image data sets. Several different methods are available to de-
fine the temporal window in which the image data set is reconstructed. In Panel A, data are reconstructed using
a fixed percentage delay, in this case at every 60% of the cardiac interval. In Panel B, an absolute prospective
delay is used, resulting in the reconstruction of images at 650 ms after every R-peak. The same temporal window
is achieved in Panel C however, by reconstructing at an absolute reverse delay, which is in this case 350 ms be-
fore every R-peak. In Panel D, the temporal window for data reconstruction is set with its end on the top of the
P wave in order to allow reconstruction of images during the very last moment of limited cardiac motion before
systolic contraction.
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At present, no consensus has been established concerning which protocol provides the most opti-
mal results, and frequently a mixture of the available approaches is used. The phase of the cardiac
cycle providing most of the information is the mid-to-end diastole, when the heart is in the iso-volu-
metric filling phase and motion is minimal. In some cases, including patients with higher heart rates
during data acquisition, the tele-systolic phase can also provide relevant information since at the
end of myocardial contraction, the motion of the coronary arteries is also reduced (Figure 3).

c b a
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+200 to +300ms —
— -450ms to -300ms

Figure 3. The position of the temporal reconstruction window. Three main areas in the cardiac cycle are relevant
for MSCT image reconstruction. The tele-diastolic phase (a), which typically occurs at 55% to 70% of the R-R inter-
val, represents the cardiac phase without contraction and thus minimal motion. During the tele-systolic phase (c,
typically 25% to 40% of the R-R interval) isovolumetric contraction occurs, resulting in reduced coronary motion
as well. In between lies the early-to-mid diastolic phase (b) during which some residual motion is present.



36

Chapter 2

An important feature of some ECG-gating software is the possibility to edit the position of the tem-
poral windows within the cardiac cycle, and to exclude ECG irregularities such as pre-mature ventric-
ular beats (or extra-systoles) (Figure 4) “. Another relevant reconstruction parameter is the effective
slice width that is usually slightly thicker than the minimal collimation in order to improve the signal
to noise ratio. The reconstruction increment should be around 50% of the effective slice thickness to
improve the spatial resolution and the oversampling along the z-axis. The field of view should be as
small as possible including the entire heart in order to fully exploit the constant image matrix (512 x
512 pixels). The filtering should be a trade-off between the noise and the quality of the image. Usu-
ally medium convolution filters are applied for coronary imaging. Higher filters improve visualization
of calcified vessel walls or stent struts and the lumen within the stents (Figure 5).

Figure 4. Editing of the ECG in the presence of premature ventricular beats.

The presence of a premature beat can result in motion artifacts on MSCT. The explanation for this is related to the
mis-alignment of the temporal window in the diastolic pause before the premature beat (Panel A, arrow in ECG
tracing). This results in motion artifacts that worsen the image quality (Panel A, arrowhead). The operator should
delete the temporal window during the premature beat and fill the following long diastolic pause with addi-
tional temporal windows (Panel B, arrow in the ECG tracing) until the minimum heart rate interval is achieved.
Accordingly, recovery of data is possible and diagnostic image quality can be obtained (Panel B, arrowhead).
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Smooth Medium Sharp

Figure 5. Effect of convolution filters on stent visualization. In Panel A, the 3D volume rendered image shows
a left coronary artery with two stents in the LAD and in the first diagonal branch (D1). The stent in the LAD is
displayed in curved multiplanar reconstructions in panels B, C, and D using progressively sharper convolution
filters. The visualization of the stents and the differentiation between the struts and the lumen is improved by
sharp convolution filters.

Abbreviations: Ao= ascending aorta; LAD= left anterior descending; LCX= left circumflex.

How to perform MSCT, data interpretation

To date, the studies reported have used semi-quantitative detection of significant stenosis (defined as
>50% lumen reduction) >, no studies with quantitative MSCT-CA have been reported yet. The coro-
nary arteries are evaluated according to scoring systems used for invasive CA and include a 15- or 16-
segment model suggested by the American Heart Association ”* (Figure 6). Axial images should always
be reviewed first, in order to detect possible morphological abnormalities or non-coronary findings
e.g. pulmonary nodules.

RCA

=k

Figure 6. Classification of coronary segments can be performed by dividing the coronary tree into 15 segments
(modified from the American Heart Association ). This classification includes most of the segments with a di-
ameter larger than 1.5 mm.

Abbreviations: LCA= left coronary artery; CX= left circumflex; LAD= left anterior descending; LM= left main; MO=
marginal branch; RCA= right coronary artery; D1= first diagonal branch; D2= second diagonal branch; PL= postero-
lateral branch; PDA= posterior descending artery.
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Figure 7. Planes adopted on MSCT
for the visualization of coronary ar-
teries. Using the 3D volume rendered
image as a reference (Panel A) the
three main planes for visualization of
the coronary arteries are displayed.
The atrio-ventricular plane with vol-
ume rendering (Panel B) and the cor-
responding cross-section with maxi-
mum intensity projection (Panel C)
allow visualization of the RCA and
CX. The inter-ventricular plane (Pan-
els D and E) allows the visualization
of the LAD along the anterior wall
of the left ventricle. The para-axial
plane parallel to the LAD (Panels F
and G) allows the visualization of the
LAD and the diagonal branches.
Abbreviations: CX= left circumflex;
D1= first diagonal branch; LAD= left
anterior descending coronary artery;
LV= left ventricle; RCA= right coronary
artery; RV= right ventricle; RVOT=
right ventricle outflow tract.
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Figure 8. Curved central-lumen-line re-
constructions on MSCT. The conventional
coronary angiogram and the curved re-
constructions are displayed for the RCA
(Panels A-C), the LAD (Panels D-F), and
for the CX (Panels G-l). For each vessel an
orthogonal cross section performed in a
region close to the ostium is displayed.
Abbreviations: CX=left circumflex; LAD=
left anterior descending coronary artery;
RCA=right coronary artery.

The multiplanar reconstructions (MPR) are employed for the evaluation of coronary arteries. The
main planes useful are: 1) plane parallel to the atrio-ventricular groove (allows the longitudinal vi-
sualization of the right coronary artery and of the left circumflex coronary artery) 2) plane parallel
to the inter-ventricular groove (allows visualization of the left anterior descending coronary artery)
(see Figures 7 and 8).

On these planes a maximum intensity projection algorithm can be useful (from 5-8 mm to 3 mm of
thickness, depending on extent and severity of calcifications). When the vessel is displayed within
one plane, dedicated software permits to perform a central-lumen line reconstruction and the re-
sulting image can be rotated 360° around its axis (Figure 8).

In parallel, an orthogonal view of the same vessel is displayed, allowing a better evaluation of ste-
nosis. In general, 3D volume rendering is performed to provide an overview (and variations) of the
coronary anatomy (total occlusions, aberrant coronary arteries) and should not be used for assess-
ment of stenotic lesions (Figure 7).
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Artifacts

Artifacts are mainly related to 8 issues (Table 1). Motion is commonly observed in MSCT-CA, and is
mainly caused by (supra-)ventricular arrhythmias or breathing. Image noise can be related to obesity
or to insufficient vascular contrast enhancement. Beam hardening is usually associated with high-
attenuation objects such as surgical clips, stents and severe calcifications. Volume averaging is due
to contamination by attenuation of high-attenuation objects surrounded by tissue with lower at-
tenuation. Incorrect positioning of the temporal window can generate artifacts because there are
only a few moments during the cardiac cycle when the heart stands still for a reasonable amount of
milliseconds. Data can be missing because of irregularities in heart rate. Poor vascular enhancement
is a result of low injection rate, low contrast volume, or iodine concentration. Images can be blurred

because of several of the aforementioned issues.

Table 1. Classification and cause of artifacts.

Artifact
Motion

Description Cause

High orirregular heartrate  Insufficient temporal resolution
(Supra-)ventricular arrhythmias

Patient breathing

Image contrast/noise

Insufficient vascular
enhancement

Obesity

Inadequate contrast administration

High tissue absorption throughout the dataset

Beam hardening

Streak artifacts

Extensive calcifications, coronary artery stents,
arterial clips

Volume averaging

“Blooming”

Extensive calcifications, coronary artery stents,
arterial clips

Temporal window

Motion artifacts (HR
independent)

Sub-optimal selection of temporal window

Premature heart beats
Irregular ECG-wave

Missing data

Lack of information

Irregular ECG baseline
Mis-triggering

Vessel enhancement

Poor enhancement

Low injection rate, low volume, low iodine content

Image quality

Blurred images
Blurred vessels

See Motion
See Vessel enhancement
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Accuracy to assess coronary artery disease
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Figure 9. Bar graph showing the diagnostic accuracy of 4- and 16-slice MSCT for the evaluation of significant
coronary artery stenoses (data based on reference ).

Assessable = the average percentage of coronary segments that were of sufficient image quality to include in the
analyses concerning diagnostic accuracy.

During the past few years, extensive research has been invested in the development of non-invasive
CA with MSCT, resulting in a considerable number of publications on the diagnostic accuracy of this
technique. In 1998, the first generation of multi-slice scanners was introduced, allowing the simulta-
neous acquisition of 4 slices, thereby enabling MSCT systems to visualize the coronary arteries. Re-
ported sensitivities and specificities ranged from 66% to 99%, with weighted means of respectively
80% and 94% . To obtain these results however, more than 20% of the available segments were on
average excluded, representing an important limitation of the technique at that stage.

More recently, results of the newer generation of 16-slice systems have become available. With these
systems, sections as thin as 0.5 mm and a temporal resolution of 105-250 ms can be obtained. As a
result, a considerable improvement in assessability (approximately 96%) as well as sensitivity (ap-
proximately 88%) could be observed, with no loss in specificity, as shown in Figure 9 6. Further re-
finement is anticipated by the introduction of 64-slice scanners that have been recently introduced,
although currently no studies are available regarding the diagnostic accuracy of these systems. Ex-
amples of 64-slice MSCT-CA in patients with respectively normal and abnormal coronary arteries are
provided in Figures 10 and 11.

a1
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Figure 10. An example of normal coronary arteries obtained with 64-slice MSCT. An intra-myocardial course of
the LAD can be observed (Panels B and H-arrows).

Abbreviations: LAD= left anterior descending coronary artery; D1= first diagonal branch; LCx= left circumflex coro-
nary artery; MO= marginal branch.

Figure 11. An example of a patient with a total occlusion of the LAD, obtained with 64-slice MSCT. The LAD is
occluded (Panels A, B, D, E, arrows), whereas the first diagonal branch and the LCx are diffusely diseased. Conven-
tional coronary angiography showed comparable findings (Panels C and F).

Abbreviations: LAD= left anterior descending coronary artery; D1= first diagonal branch; LCx= left circumflex coro-
nary artery.
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In patients presenting with recurrent angina after surgical or percutaneous revascularization, MSCT
may be applied to assess patency of either coronary bypass grafts or stents. The axial course, large
diameter and relative immobility of coronary bypass grafts during the cardiac cycle facilitate evalu-
ation with MSCT. In Figure 12, an example is provided of 64-slice MSCT imaging of a patient with
previous coronary bypass grafting. Several studies have explored the accuracy of MSCT to evalu-
ate graft patency in comparison to conventional CA. In these 7 studies, with a total of 257 patients
included, virtually all grafts were of sufficientimage quality to assess patency 7% Pooled analysis of
these studies showed a weighted mean sensitivity of MSCT to detect graft occlusion of 88%, while
the weighted mean specificity was 98%. In 5 studies, assessment of graft stenosis was undertaken
18202524 |n these studies, with 267 patients included, 80% of grafts were eligible for evaluation, with a
weighted mean sensitivity and specificity of 84% and 95%, respectively. Data are summarized in Fig-
ure 13. Despite these encouraging results, still several important limitations remain. Metal artefacts
resulting from surgical clips frequently obscure assessment, while difficulties are also encountered
frequently in the evaluation of distal anastomoses and distal parts of sequential grafts.

. o

LIMA 1§

LA

Figure 12. An example of a patient with previous coronary bypass surgery, obtained with 64-slice MSCT. As shown
in Panels A and B, the LIMA is patent, while one of the 2 saphenous vein grafts is occluded (Panel A, left arrow).
Conventional coronary angiography confirmed patency of the left internal mammary artery graft (Panel C).
Abbreviations: LAD= left anterior descending coronary artery; SVG= saphenous vein graft; LIMA= left internal mam-
mary artery; RCA= right coronary artery.
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Figure 13. Bar graph showing the diagnostic accuracy of MSCT in the evaluation of patients after coronary by-
pass surgery (data based on references '7%%).

Assessable = the average percentage of bypass grafts that were of sufficient image quality to include in the analyses
concerning diagnostic accuracy.

Another application of MSCT that is currently under investigation is the assessment of coronary
stents, which are difficult to image with MSCT. Their metal content leads to high-density artifacts,
and subsequent obscuring of a considerable part of the stent lumen. In many studies regarding the
diagnostic accuracy of MSCT therefore, stented segments are still excluded from analysis. However,
substantial progress has been obtained with the increased image quality of the newer generation of
MSCT scanners. With 4-slice systems, the stent lumen was virtually invisible, whereas with 16-slice
systems improved visualization has been reported, in particular in stents with either a large diameter
or thinner struts . With the recently introduced 64-slice systems (Figure 14) as well as the previously
discussed dedicated filters (Figure 5), an even higher percentage of stents will be eligible for assess-
ment of patency. Still, artificial narrowing of the stent lumen will currently remain to some extent,
thereby hampering detection of subtle neo-intima hyperplasia.
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o
{ ¥ BCA

Figure 14. Coronary stent imaging with 64-slice MSCT. In Panels A and B, the patency of the stented LAD is
demonstrated. In Panels D and E, absence of in-stent restenosis in the stented RCA is demonstrated. The MSCT
findings were confirmed by conventional coronary angiography (Panels C and F).

Abbreviations: LAD= left anterior descending coronary artery; D1= first diagonal branch; D2= second diagonal
branch; RCA= right coronary artery; LM= left main.

Additional applications of MSCT

Besides the assessment of coronary artery disease, MSCT can also be used for evaluation of left
ventricular (LV) function; LV function (and LV volumes) are important prognostic parameters. Since
MSCT data are acquired throughout the entire cardiac cycle, during continuous registration of the
ECG, images can be reconstructed at any cardiac phase. As a result, information on LV function can
be derived from the same data set as used for the evaluation of the coronary arteries.

In the assessment of LV ejection fraction, initial studies have shown good correlations between
MSCT and either MRI or echocardiography %%. In addition to global function, regional contractile
function can be assessed (Figure 15). A recent comparison between MSCT and 2D echocardiogra-
phy revealed an overall agreement of 91% in 493 segments evaluated for the presence of regional
wall motion abnormalities *’. Preferably, systolic wall thickening should be assessed during stress as
well as resting conditions. However, with regard to the radiation dose associated with MSCT, such a

protocol remains at present unattractive.
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Figure 15. Regional wall motion analysis with 64-slice MSCT. In Panels A and B, short-axis left ventricular recon-
structions in respectively end-diastole and end-systole are shown of a patient with normal wall motion; the left
ventricular ejection fraction was 55%. In Panels C and D, similar reconstructions are shown of a patient with a
previous anterior myocardial infarction. In the corresponding region (arrows), abnormal wall motion can be ap-
preciated; the ventricular ejection fraction was 38%.

In addition to LV function, MSCT has been used for the evaluation of pulmonary vein anatomy in
patients with atrial fibrillation considered for pulmonary vein ablation. Ectopic foci located within
the pulmonary veins have been linked to the induction of atrial fibrillation and/or tachycardia *.
As a result, different percutaneous ablation strategies have been developed to either eliminate the
pulmonary venous foci or encircle and electrically isolate the pulmonary veins from the left atrium.
Despite a good success rate of these strategies, the procedure and fluoroscopy times are still consid-
erable due to several reasons. The veno-atrial junctions and the pulmonary veins or their ostia are
not easily visualized using fluoroscopy, while the pulmonary venous anatomy itself is highly variable
3, Knowledge of pulmonary venous anatomy, including potential anomaliesin number and inser-

tion of pulmonary veins as well as ostial shape, prior to the ablation procedure, therefore, would be
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of great benefit and potentially facilitate procedures. Preliminary studies have demonstrated that
this information can be provided by MSCT 3. In Figure 16, an example of visualization of different
variants of pulmonary vein anatomy by MSCT is provided. Jongbloed et al recently performed a
head-to-head comparison between MSCT and intracardiac echocardiography in 42 patients prior
to pulmonary vein ablation *.The authors observed a higher sensitivity for MSCT in the detection of
additional branches and right-sided early branching. In addition, an underestimation of ostial size
by intracardiac echocardiography was demonstrated. These findings underline the superiority of 3D
imaging techniques to demonstrate asymmetrical shape of pulmonary vein ostia. Further investiga-
tions however are needed to evaluate how MSCT data can be used or integrated with other data for
optimization of pulmonary vein ablation strategies.

Figure 16. Different variants of pulmonary vein anatomy, as visualized by 3D volume rendered 64-slice MSCT
reconstructions. In Panel A, early branching (arrow) of the right inferior pulmonary vein can be observed. An ad-
ditional right pulmonary vein can be observed in Panel B (arrow).

Abbreviations: LA= left atrium; LIPV= left inferior pulmonary vein; LSPV= left superior pulmonary vein; RIPV= right
inferior pulmonary vein; RSPV= right superior pulmonary vein.

Conclusion

MSCT has been demonstrated to allow non-invasive coronary angiography. To improve this imag-
ing modality technique, optimization of patient preparation, data acquisition and reconstruction is
required. Standardized data analysis and reporting is also needed. Several issues that are important
related to these issues are summarized in this article.

When the currently available data are pooled, a high sensitivity with an excellent specificity is ob-
tained. In particular, the specificity of 96% is an indicator that MSCT can adequately rule out coro-
nary artery disease. It is important to keep in mind that this technique visualizes atherosclerosis and
not ischemia. Therefore, the technique can not be compared directly with the currently available
imaging modalities to non-invasively assess coronary artery disease, such as nuclear myocardial per-
fusion imaging and stress echocardiography. Rather, these techniques visualize the consequences
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of atherosclerosis and indicate whether ischemia is present or not. The precise role of these imaging
modalities (MSCT to assess atherosclerosis and myocardial perfusion imaging or stress echocardiog-
raphy to assess ischemia) is to be established. A potential scenario could be to use these techniques
mainly in patients with an intermediate likelihood of coronary artery disease in a sequential manner.
MSCT could first be applied to rule out coronary artery disease; if present, myocardial perfusion im-
aging could be used to refine the consequences of the atherosclerosis: ischemia or not.
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