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GENERAL INTRODUCTION

INTRODUCTION

Conventional, invasive X-ray coronary angiography (CCA) has been the standard of reference
for the assessment of coronary artery disease (CAD). In patients with angina pectoris coronary
angiography is the key diagnostic procedure to identify who would benefit from medical therapy,
percutaneous coronary intervention or coronary artery bypass surgery. However, coronary an-
giography is an invasive procedure, potentially harmful with a small risk of serious adverse events
(approx 0.1%) (ventricular fibrillation, stroke, coronary artery dissection, myocardial infarction,
death) and discomfort to the patient. Furthermore, the catheterization-procedure is rather expen-

sive, because of its invasive nature it involves admission to a hospital or day-care facility.

Non-invasive coronary angiography using computed tomography is a relatively recent develop-
ment. In 1998 the first multi-slice spiral CT scanners were introduced, which could acquire 4
slices simultaneously during the scan (1,2). However, the temporal resolution and spatial resolu-
tion of these scanners was limited and a breath hold of 40 seconds for most of the patients too
long. The early results with these scanners were promising but lacked sufficient robustness to
be useful in clinical practice. Technological advances, with improvement of temporal and spatial
resolution and shortening of patients breath holds to less than 10 seconds, have rendered the
newest multi-slice CT scanners more clinically useful. The introduction of a 64-slice CT-scanner
and dual source scanners, have dramatically improved the clinical reliability of the CT technique
and now permit evaluation of the entire coronary tree in patients with stable and unstable angina
pectoris (3-7) (Table 1,2). These technical developments have further increased the diagnostic
performance of CT resulting in a high sensitivity and specificity and negative predictive value of

more than 90% without excluding coronary segments due to poor image quality.
g ry seg p gc q

Multiple reports have been published on the excellent diagnostic performance of CT coronary
angiography (CTCA) (8-18). However, the presented data and the interpretation of these results

is sometimes confusing. A short explanation of the different ways of analyzing CTCA is manda-

tory.

Table 1 Results of published meta-analyses, per patient analysis

16

N, studies Sensitivity, % Specificity, % PPV % NPV, %
Vanhoenacker 6 93 96 - -
Abdulla 13 97 91 93 96
Hamon 9 87 96 93 96
Stein 23 98 88 93 96
Mowatt 18 99 89 93 100




Table 2 Results of published meta-analyses, per segment analysis

N, studies % non evaluable  Sensitivity, % Specificity, % PPV% NPV %

Vanhoenacker 6 - 93 96 - -

Abdulla 19 4 86 96 83 96
Stein 21 8 90 96 73 99
Mowatt 17 - 90 97 76 99

THE PER-PATIENT ANALYSIS

CTCA can be seen as a binary, diagnostic test, which may be presented as a per-patient analysis.
The test provide answers to various questions. Is their presence of any significant obstruction?
Should we send these patients for coronary angiography for further evaluation? The test is either
positive or negative (or inconclusive). The test merely provides information whether a = 50%
stenosis is present on CCA, independent from the location of this coronary stenosis in the coro-
nary tree. The results often show an excellent sensitivity and a lower specificity. In other words,
a coronary lesion is not often missed, but the severity of the lesion is sometimes overestimated.
These diagnostic capabilities make CTCA useful especially in patients with an intermediate or
low pre-test likelihood for obstructive CAD, since a negative CTCA will reliably exclude signifi-
cant CAD and a positive CTCA will increase the post-test probability for CAD to a high prob-
ability (19). The benefit of patients using CTCA as a binary test in patients with a high pre-test
probability for obstructive CAD would be less since these patients will anyhow be referred for
CCA because a negative test will not reliably exclude significant CAD and a positive test does not
significantly increase the post-test probability.

THE PER-VESSEL ANALYSIS

CTCA ofters more information than just the presence or absence of CAD. CTCA visualization
of the entire coronary tree provides anatomical evidence of the extent and location of significant
CAD, all of which play an important role in clinical decision making and provide important prog-
nostic information. Using the per-vessel analysis we can get an impression on the severity and ex-
tent of disease. Patients with single vessel disease don’t necessarily have to be sent for CCA, since
survival of these patients will not decrease by revascularization, and aggressive medical therapy
will result in the similar outcome. Patients with significant three vessel disease and significant left
main disease have been shown to benefit from revascularization. A recent study showed that con-
servative management of a patient with a negative CT scan is safe and associated with an excellent

1-year outcome (20). The presence and extent of both non-obstructive and obstructive CAD as
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seen on CTCA predicted adverse cardiovascular events in particular in patients with left main and

three-vessel disease (21). Long-term follow up of patients who underwent CTCA with Electron

Beam Tomography showed that the burden of angiographic disease detected by CTCA provided

both independent and incremental value in predicting all-cause mortality independent of age gen-

der, conventional risk factors and coronary calcium score (22).

A recent study reported on the use of CTCA in 1000 asymptomatic middle-aged patients of whom

22% had atherosclerotic plaques and 5% had significant CAD. Longer follow-up will reveal if

CTCA can risk stratify these patients in different cardiac risk groups (23). Studies evaluating the

effectiveness and cost-eftectiveness of various diagnostic workup algorithms using CTCA and

functional tests prior to referral to angiography need to be performed to determine the clinical role

of CTCA. A proposed diagnostic work-up using CTCA is shown in Figure 1.

Figure 1
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THE PER-SEGMENT ANALYSIS

The final step of clinical implementation would be the replacement of CCA by CTCA. This
would require an extremely robust CT-technique because on the basis of the CT-outcome pa-
tients may be referred to or deferred from medical treatment, percutaneous coronary intervention
or coronary artery bypass surgery. To evaluate whether CTCA can replace CCA a site-by-site
analysis of coronary lesions is required. This is presented as the per-segment analysis. Although
sensitivities and specificities in published papers are generally quite good, a substantial overesti-
mation of the severity of stenosis is observed resulting in lower positive predictive values. Fur-
thermore, in attempting to reliably replace CCA, reproducible quantitative grading of coronary
stenosis severity should be possible. In our and other experience the quantification of stenosis
severity is moderate, even after exclusion of segments with massive calcifications or coronary mo-
tion artifacts (11,16,24). For instance, we analyzed 50 patients who had 150 coronary stenoses with
a diameter stenosis on QCA between 20% and 100% and used a quantification tool to measure
the diameter stenosis on CT. Correlation statistics revealed that the Pearson r is 0.74 with 95% CI
from 0.65 to 0.80, with an r square of 0.54 (Figure 2). The Bland-Altman analysis revealed a bias
of 2.43 with standard deviation of the bias of 10.9. 95% limits of agreement are -18.93 to 23.80
(Figure 3). Given this current limitation, CTCA technology may need to evolve further before it

can accurately guide future management of symptomatic coronary patients.

Figure 2 Figure 3
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64-SLICE CT CORONARY ANGIOGRAPHY
MULTICENTER STUDIES

Recently, three 64-slice CT coronary angiography multicenter studies have been published
(25,26,27). The results of the studies vary in diagnostic performance with a sensitivity ranging
from 85% to 99% and a specificity from 64% to 90% (Table 3-5).

LIMITATIONS

Despite spectacular technological progress, there are still challenges for CTCA in the near future.
The heart rate of patients still has to be lowered with beta blockers to improve image quality,
although Dual Source scanners are able to provide sufficient quality at higher heart rates (28).
Arial fibrillation remains a contra indication for CTCA. Coronary calcification, creating bloom-
ing artefacts, still hamper the precise evaluation of coronary stenosis. Similarly, artefacts limit the
evaluation of patients who have previously undergone stent placement. The increased radiation
dose during CTCA remains an issue. In the near future different scan protocols en CT techniques
will lower the radiation dose considerably. CTCA merely provides anatomical information. The

haemodynamic significance of intermediate coronary stenosis is therefore difficult to assess.

OUTLINE OF THESES

Two reviews on CTCA are provided in Part 1 which describe potential implementations of CTCA
in different clinical situations. Furthermore, it provides advice on how to perform CTCA, pa-
tient selection and potential drawbacks of CTCA (Chapters 2-3). The diagnostic performance of
64-slice CTCA (Chapter 4-5) and Dual-source CTCA (Chapter 6) to detect significant coronary
stenosis compared to conventional coronary angiography in selected patients is discussed in Part 2.
Potential clinical applications with CTCA are discussed in Part 3 in patients presenting with vari-
ous symptoms (Chapter 7-8) and stenosis severity is compared to hemodynamic significance as
measured by fractional flow reserve (Chapter 9). The value of a combined use of a calcium score
and CTCA in a per-patient analysis are given (Chapter 10) and the usage of the segmental calcium
score and clinical factors to predict the probability of stenosis in calcified lesions (Chapter 11).
The following chapter provides a cost-effectiveness analysis regarding the use of CTCA (Chapter
12). Part 4 emphasizes on CTCA in the field of pre- and post revascularization with either percu-
taneous coronary interventions or coronary artery bypass grafting (Chapter 13-17). The potential
of CTCA in the in-vivo detection and evaluation of the presence, location and extent anatomical
distribution of bifurcations lesions is described in Part 5 (Chapter 18-19).

2011



Table 3 Diagnostic Performance and Predictive Value of 64-Slice CT Coronary Angiography for the Detection of = 50% Stenosis on QCA in a per
Patient Analysis.

Prevalence N TP TN FP FN Sensitivity, Specificity, PPV NPV,
of disease, % % % %, %
Budoft * 23 227 52 142 30 3 95 83 64 99
Miller T 56 291 139 115 13 24 85 90 91 83
Meijboom 1 68 360 244 73 41 2 99 64 86 97

* Patients without known CAD, intermediate pre-test probability for CAD. T Patients with calcium scores > 600 excluded, 10% prior percutaneous
coronary intervention, 20% previous myocardial infarction. F Patients between 50-70 years old, both acute and stable anginal syndromes, 15% previous
myocardial infarction.

Table 4 Diagnostic Performance and Predictive Value of 64-Slice CT Coronary Angiography for the Detection of = 50% Stenosis on QCA in a per
Vessel Analysis.

Prevalence N TP TN FP EN Sensitivity, Specificity PPV, NPV,

of disease, % % % % %
Budoff 10 910 73 744 79 14 84 90 51 99
Miller 31 866 203 553 44 66 75 93 82 89
Meijboom 26 1440 354 821 245 20 95 77 59 98

Table 5 Diagnostic Performance and Predictive Value of 64-Slice CT Coronary Angiography for the Detection of = 50% Stenosis on QCA in a per
Segment Analysis.

Prevalence N TP TN FP EFN Sensitivity Specificity, PPV, NPV,
of disease,% %, % % %
Meijboom ‘ 9 5297 422 4345 471 59 88 90 47 99
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USE OF HIGH RESOLUTION SPIRAL CT FOR THE DIAGNOSIS OF CORONARY ARTERY DISEASE

OPINION STATEMENT

Multislice computed tomography coronary angiography (CTCA) is a rapidly emerging technique
for the non-invasive visualization of coronary arteries. Over the past 5 years several scanner gen-
eration have been introduced with a progressive improvement in the diagnostic accuracy in the
detection of coronary artery stenosis in selected patient populations. The introduction of 64-slice
technology, which allows high resolution and nearly motion-free coronary artery imaging, has
resulted in further improvement in the diagnostic accuracy. This technique is at the verge of wide-
spread clinical implementation and, even in the absence of large clinical trials, a high demand for
CTCA is already observed all over the world.

INTRODUCTION

Conventional, invasive coronary angiography (CCA) has been the standard of reference for the
assessment of obstructive coronary artery disease (CAD). In patients with angina pectoris CCA is
the key diagnostic procedure to identify who may benefit from medical treatment, percutancous
coronary intervention or coronary artery bypass surgery (CABG). Although CCA is generally safe
and well tolerated, there is a small risk of major complications (1). Given also the high cost of
CCA and the need for an experienced team to perform the procedure, a search for a reliable non
invasive alternative to visualize the entire coronary tree is ongoing. Due to the heart’s motion,
small size and tortuous trajectory of the coronary arteries, non-invasive imaging of the coronary
tree is complicated. The introduction of the 4 - and 16 slice CT scanners revealed promising re-
sults and the currently widely available 64-slice CT scanners allows nearly motion free visualisa-

tion of the coronary tree with excellent diagnostic accuracy in detecting coronary stenosis.

TECHNICAL REQUIREMENTS FOR
CARDIAC SCANNING

With the introduction of spiral scanning total scan time reduced significantly. Instead of mov-
ing the table position with every scan, known as the step-and-shoot principle, the patient moved
continuously at a pre-defined speed through the gantry acquiring volumetric data from which
cross-sectional images could be reconstructed. This configuration diminished total scan time, but
was not fast enough for cardiac scanning. Multislice CT scanners (MSCT) were the next major
development. The use of thinner, multiple detectors combined with faster gantry rotation allowed
successful imaging of the coronary tree. For obtaining nearly motion-free images of the continu-

ously moving coronaries of the heart, the following prerequisites have to be fulfilled.



Temporal resolution

To capture the rapid moving coronaries in a single frame, the scanner needs to rotate fast enough
to “freeze the image”, minimising artefacts related to coronary motion. By reducing the rotation
time of the x-ray tube and detector around the patient, temporal resolution decreases, which in
the fastest current 64 slice MSCT is 330msec. The temporal resolution refers to the duration of
the reconstruction window during the mid-to-end-diastolic - or end-systolic phase of each heart
cycle. Using a half-scan reconstruction algorithm, data can be extrapolated during a 180 degree
rotation resulting in a temporal resolution of 165 msec. Multi-segment reconstruction, a post-
processing technique collecting and merging data from different consecutive cardiac cycles lowers
the temporal resolution ever further, but is highly sensitive to heart rate irregularities and requires

a lower pitch resulting in a longer scan duration and higher radiation dose.

Spatial resolution

In the transition from 4- to 16- en 16- to 64 slice MSCT scanners spatial resolution improved due
to the increase in detectors and decrease in detector width. With the latest CT scanners a spatial
resolution in the x/y/z axis provides a submilimeter near isotropic voxel of 0.4*0.4*0.4mm?> (in
comparison CCA has a spatial resolution of 0.2%0.2). This improved resolution allows CTCA to
interrogate the entire coronary tree (including the smaller vessels). By reducing the blooming
effect of stents and severe calcifications, the lumen inside stents and plaque can be better delin-
cated.

Synchronization with the ECG

Contraction of the heart can cause extensive motion artefacts when visualising the coronary arter-
ies. To overcome this problem the heart is continuously scanned while an ECG trace is registered.
ECG retrospective gating generates reconstruction windows in the diastolic phase when cardiac
motion is minimal, providing datasets for further analysis. If the quality of diastolic datasets is not
satisfactory additional reconstruction windows can be made in end-systolic phases, contribut-
ing to image quality. The continuous data acquisition also gives the opportunity to edit the ECG
signal when extrasystole’s or premature beats occurres during scanning. Persistent irregular heart

rhythm like atrial fibrillation still precludes the accurate use of CTCA.

Scan coverage
Especially with the release of the 16 slice CT scanners, a manageable breath hold of + 18 seconds
was possible for nearly all patients (4 slice MSCT scanner: 40 seconds). Total scan time of current

64-slice scanners is between 8 -13 seconds.
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THE DIAGNOSTIC PERFORMANCE
OF THE MSCT SCANNER

4 slice scanner
The initial results of stenosis detection with the 4 slice scanners showed promising results. How-
ever a considerable number of segments had to be excluded from analysis due to poor image qual-

ity, making this scanner not robust enough for clinical cardiac implementation.

16 slice scanner

The major improvement of the 16 slice scanner was the lowering of total scan time from approxi-
mately 40 sec to 18 sec making an appropriate breath hold more feasible. Furthermore, these scan-
ners had improved temporal and spatial resolution. All 16-slice studies classified coronary lesions
with a minimum lumen diameter reduction of 50% as determined by quantitative coronary an-
giography (QCA) as a significant coronary obstruction. Assessment of significant lesions yielded
a sensitivity of 87% (range 67%-96%), a specificity of 96% (range 79-98%), a positive predictive
value of 81% (range 64%-95%) and a negative predictive value of 97.5% (range 94-99%). But up

to 8% of segments were excluded because of poor image quality, either due to motion artefacts or

extensive calcifications.

Figure 1 Volume-rendered CTCA image
(A) reveals the anatomy of the left coronary
artery of a 50 year-old patient who presented
with unstable angina. His total calcium score
was zero. Two curved multiplanar recon-
structions (C,D) disclose a significant steno-
sis in the proximal left anterior descending
coronary artery which was corroborated by
CCA (B). In the inlay the non-calcified
significant plaque is displayed (E). (A full
color version of this illustration can be found
in the color section).

64 slice scanner

The 64-slice CT-scanner
provides a major improve-
ment in image quality and
robustness of CT-coronary
angiography. The assess-
ability of the coronary tree
is significantly increased
and includes all major cor-

onary segments as well as



Table 1 Diagnostic performance of 64-MSCT for detection of significant coronary stenosis
(luminal diameter > 50%).

Segmental analysis

Author Year N Excl.% Sensitivity % Specificity % PPV% NPV %
Leschka 2005 1005 0 94 97 87 99
Raff 2005 935 12 86 95 66 98
Leber 2005 732 0 76 97 75 97
Mollet 2005 725 0 99 95 76 100
Ropers 2006 1083 4 93 97 56 100
Schuijf 2006 842 1,2 85 98 82 99
TOTAL 5322 2,9 90 97 76 99
(weighted)

larger side branches. The 64-slice MSCT scanner has a spatial resolution of 0.4 x 0.4 x 0.4 and a
temporal resolution of 330 — 400 msec (tube rotation speed) which has reduced the scan acquisi-

tion time and hence the single breath hold time to 6 — 13 seconds.

The diagnostic performance of the 64-row (slice) MSCT scanner is presented in table 1. The
number of inevaluable coronary segments is reduced (compared to 16-slice CT scanners) to ~
3%, while 3 studies did not exclude any coronary segments from analysis. The sensitivity is 90%
(range 76%-99%), specificity 97% (range 95%-98%), the predictive value 76% (range 56%-87%)
and negative predictive value 99% (range 97%-100%) (2-7) (Figure1). These data show that cur-
rent 64-slice MSCT scanners are close to becoming a reliable alternative to invasive diagnostic
coronary angiography. However, before widespread clinical use multicenter studies of CTCA in a

wide spectrum of populations, including lower risk patients should be performed.

POST REVASCULARIZATION IMAGING

Stents

Although the introduction of the drug eluting stents has reduced restenosis rate considerably,
clinically driven target vessel revascularisation occurs in approximately ~8% of patients compared
to ~15% of patients with bare metal stents (8). Chest discomfort after percutaneous coronary in-
tervention is relatively common and a non invasive evaluation for stent restenosis would be highly
desirable. However, coronary stents are difticult to assess with CTCA due to stent related high
density artefacts. These artefacts tend to enlarge the apparent size of the stent struts, obscuring the
visualization of the in-stent lumen. This “blooming artefact” caused by a combination of partial

volume and beam hardening, is increased in smaller and stents of higher density.
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Studies using 16 slice scanners for detecting in-stent restenosis reported sensitivity and specificity
values of 54%-100% and 88%-100%, respectively (9-14). Improved spatial resolution of the 64
slice scanners should allow more accurate assessment in stent restenosis and further studies are

awaited.

Patients undergoing left main stenting are generally recommended to have surveillance CCA at
3-6 months. Due to larger diameter stents used in the left main coronary artery CTCA may be
particularly suitable for LM stent follow up. Gilard et al. and Van Mieghem et al. reported a good
diagnostic accuracy in excluding in-stent restenosis in left main stents (15,16).

Some studies assessing stent patency used the presence of a distal run-oft as an indicator of stent
patency. However, this criterion should not be used as distal coronary vessels can be filled retro-
gradely by collateral filling. Newer generation 64 slice CTCA should allow more accurate assess-

ment of the intra —stent coronary lumen throughout the coronary tree.

Coronary artery bypass grafting

Coronary artery bypass grafts are relatively easy to visualise with CTCA as motion is limited, the
presence of calcifications in grafts is usually sparse and the size of grafts is large compared to native
coronaries (17). However previous scanners were limited by a modest temporal resolution and a
long scan time and breath hold. Faster rotating scanners and more and thinner detectors resulted
in a better temporal and spatial resolution and shorter scan time diminishing the limitations of
post-CABG patients evaluation (18-20). Two recent papers by Pache and Malagutti with 64 slice
scanners yielded an excellent diagnostic accuracy to detect significant graft lesions or occlusions
(21,22). Complex graft anatomy may also be clearly delineated by CTCA. However, complete
angiographic evaluation of post-CABG patients includes assessment of the grafts and the native
coronary arteries, which often remains challenging due to the presence of extensive calcifications,

stents and surgical clips.

LIMITATIONS AND PITFALLS

MSCT-coronary angiography is feasible in patients with a stable heart rhythm. The breath hold
of 8 to 13 seconds with 64 slice scanners is manageable for most patients. A rigorous explanation
and practise of the breath hold manoeuvre as well as a description of the warm sensation they our

going to perceive during contrast injection will minimize breathing artefacts.

Irregular heart rhythm creates artefacts due to the inconsistent length of the R-R interval and
results in a deterioration of image quality. However, an occasional extrasystolic or premature beat
can be overcome by editing the ECG signal obtained during scanning. Atrial fibrillation remains a

contra-indication for performing the scan.



Other limitations of CT angiography in general are contra-indications to X-ray exposure (e.g.
pregnancy) and contra-indications for iodinated contrast material (e.g. allergy, impaired renal

function, hyperthyroidisms).

Reduction of heart rate during the CT angiography is mandatory for acquiring high-quality im-
ages and ideally the heart rate should be kept below 70 bpm. Oral or IV beta blockers and/ or
benzodiazepines can reduce the heart rate below this threshold. If the heart rate exceeds this upper
limit the prevalence of motion artefacts increases. These motion artefacts occur most frequently
in the mid right coronary artery, since this segment moves most rapidly. Adequate image quality in

this segment is often a guarantee for good image quality in the rest of the coronary tree.

The presence of significant calcification is problematic for the correct interpretation of CTCA.
Calcium creates blooming artefacts, which obscure the visualization of the underlying non-cal-
cified plaque or lumen. Sensitivity and negative predictive value in studies detecting obstructive
coronary artery disease remain high, but specificity and positive predictive value decreases, leading

to an overall decrease in accuracy.

This raises the question whether CTCA should be avoided when the calcium score exceeds a
certain threshold. A high calcium score is associated with increased risk of obstructive coronary
stenosis with CCA. However the calcium score is influenced by age and gender and there is no
clear cut-off value. The total calcium score may also be somewhat misleading, because calcium
distributed along the entire coronary tree may not interfere with the interpretation of the CTCA

examination , while a single heavily calcified plaque can make interpretation difficult.

Although a high calcium score may reduce accuracy of CTCA and also its usefulness as a gate-
keeper for CCA, it provides additional information to calcium scoring such as direct visualisation
of the coronary lesions and plaque burden and characteristics which may influence patient man-

agement.

A disadvantage of CTCA is a higher radiation dose compared to conventional invasive coronary
angiography. The evolution of 4-slice to 64 slice MSCT scanners has seen an improvement in spa-
tial and temporal resolution making the CT scanners more robust. The cost of having more and
thinner detectors lies in a decrease of the contrast to noise ratio. To compensate for this loss the
radiation dose has to be increased. Hausleiter et al. compared radiation doses of 16 and 64 slice CT
coronary angiography. The estimated effective radiation exposure was 10.6 = 1.2 mSv and 14.8 =
1.8 mSv in 16 and 64 slice MSCT respectively (120kV, 870mAs). This study used ECG dependent
tube modulation, which reduced the tube current by 80% in systole, resulting in a reduction in

the radiation dose of approximately 40% (23).
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An issue of concern with ECG dependent tube modulation is its dependence on a regular heart
rhythm. Arrhythmia including premature ventricular beats may cause an inappropriate reduc-
tion in tube output during diastole leading to a decline in image quality. Alternative methods
that eftectively reduce the radiation dose without impacting on image quality should be further

developed.

To allow differentiation of the tissue surrounding the coronaries an intravenous bolus injection of
iodinated contrast material is administered into an antecubital vein. Depending of the entire scan

length a bolus of 70- 100 ml contrast is given. The risk for contrast allergies therefore remains.

CLINICAL APPLICATION

The diagnostic performance of 64 slice CT-scanners to detect coronary stenoses is high in patients
who have a high prevalence of coronary artery disease. The negative predictive value allows exclu-
sion of significant obstructive coronary artery disease in this patient group. However similar data
in lower risk populations are lacking. These studies are necessary as CTCA is likely to be most
useful as a screening tool in lower risk populations. In addition, the role of CTCA in patients with

unstable angina or non-ST-segment elevation myocardial infarction is largely unknown.

Other evolving clinical application include the follow-up of patients after coronary bypass surgery
and left main stenting, exclusion of significant coronary artery disease in patients scheduled for
valve surgery, evaluation of coronary anomalies and visualization of chronic total coronary occlu-

sions prior to percutaneous coronary intervention.

FUTURE PERSPECTIVE

MSCT imaging is emerging as the most promising imaging modality for non-invasive coronary
atherosclerotic disease detection. The possibility of identifying or excluding significant stenotic
lesions, measurement of atherosclerotic plaque burden and characterization of plaque compo-

nents makes this imaging modality very enticing.

The qualities of CCA with its high spatial resolution and its high temporal resolution providing
information about coronary blood flow will probably not be met. Yet, MSCT coronary angiogra-

phy may become an acceptable alternative to invasive diagnostic coronary angiography.

The main challenges for MSCT coronary imaging are the temporal and spatial resolution. Novel

technical advances have been developed to address these issues by either increasing the number



of detector rows or by increasing the X-ray tube rotational speed. A 256 detector CT-scanner
has been introduced which allows assessment of LV-function and the proximal coronary arteries
but currently the performance is severely limited by the long-scan time and temporal resolution
(24,25).

The next generation dual-source CT scanners, using 2 x-ray sources simultaneously, will allow
scanning at higher heart rates due to the improved temporal resolution of 83 ms, thereby avoiding
or diminishing the use of beta-blockers for heart rate reduction (26,27). The radiation exposure
can be limited with the ultra fast dual-source CT scanner with its heart rate dependant pitch
and use of x-ray tube modulation compared to 64 slice CT scanning. Preliminary results on the
accuracy of dual source CT scanners and the feasibility of scanning at higher heart rates will be
published shortly.
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SPIRAL MULTISLICE CT CORONARY ANGIOGRAPHY IN 2006: A CURRENT STATUS REPORT

ABSTRACT

Multislice Computed Tomography coronary angiography (MSCT-CA) has emerged as a power-
ful non-invasive diagnostic modality to visualize the coronary arteries and to detect significant
coronary stenoses. The latest generation 64-slice CT scanners is a robust technique which allows
high-resolution, isotropic, nearly motion-free coronary imaging. Coronary stenoses are detected
with high sensitivity and a normal scan accurately rules out the presence of a coronary stenosis.
With the introduction of further novel concepts in CT-technology one may expect that MSCT-

CA will become a clinically used diagnostic tool.
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INTRODUCTION

The development of computed tomography (CT) has significantly improved non-invasive im-
aging, initially of non-moving organs of the body, and recently also of the heart. Electron Beam
Computed Tomography (EBCT), a technique especially designed to examine the heart, was in-
troduced in the early 80ties. Nowadays these scanners are largely replaced by spiral Multislice
CT scanners which can detect coronary stenoses and non-obstructive coronary plaques with high
diagnostic accuracy (1,2). This report highlights the current status of MSCT-CA, discusses its

limitations and speculates about the role and future of MSCT-CA in clinical practice.

HIGH-QUALITY, MOTION FREE CT IMAGES: SPATIAL
AND TEMPORAL RESOLUTION

Coronary imaging requires the highest technical demands of any non-invasive diagnostic modal-
ity because of the small size of the coronary arteries, the continuous motion during cardiac con-
traction and the inevitable respiratory motion. The spatial resolution should be as high as possible
and ideally isotropic voxel imaging should be achieved. Isotropic imaging means that a voxel has
the same size in all dimensions and is mandatory to reconstruct high-quality images in all planes .
The spatial resolution of current CT-scanners is 0.4 mm?. High temporal resolution is mandatory
to obtain motion-free image quality. The temporal resolution is defined as the required time for
data acquisition per slice, and for cardiac spiral CT it refers to the duration of the reconstruction
window during the end-diastolic phase of each heart cycle (Figure 1). The temporal resolution
depends on the X-ray tube rotation-time and is equal to half of the X-ray tube rotation-time. Cur-

rent 64-slice spiral CT-scanners have a temporal resolution of 165 to 200 msec.

MSCT ACQUISITION MODES AND ECG -
SYNCHRONIZATION

The CT-data necessary for the reconstruction of the CT-imaging are acquired either in sequential
mode or spiral mode. In the sequential mode the scanner acquires the data of one slice, after which
the table (and thus the patient) is advanced to the next plane position to acquire the next data of an
adjacent slice (slice-by-slice acquisition or stop-and-shoot principle). In the spiral mode, the CT-

data are acquired continuously while the table (and thus the patient) moves at a constant speed.

The CT-data used for image reconstruction are preferentially obtained in the relatively motion-
free mid-to-end diastolic phase of the cardiac cycle. This requires simultaneous recording of the

ECG signal during the CT-scan. Prospective ECG-triggering is used in the sequential model
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to prospectively acquire the CT-data in a certain predefined cardiac phase (in general the mid-
to-end diastolic phase)(Figure 1). A retrospectively ECG-gated technique is used in the spiral
mode which allows to select retrospective reconstruction of CT-data in any, but preferentially the
mid-to-end diastolic phase of the cardiac cycle (Figure 1). Using this technique, data is acquired
throughout the entire cardiac cycle, but only data of a small part of the cardiac cycle is used for
image reconstruction after the scan has been performed. The sequential mode with prospective
ECG-triggering is used for CT calcium scoring, and the spiral mode with retrospective ECG-

gating is used for contrast-enhanced CT coronary angiography.

A Prospective ECG-triggering

reconstruction

/ window

s

B Retrospective ECG-gating

R to Riinterval
ECG

IE:I

Figure 1. ECG-synchronized image reconstruction.

A: Sequential scan protocols use prospective ECG-triggering to synchro-
nize the data acquisition to the motion of the heart. Based on the mea-
sured duration of the previous heart cycles, the scan of one or more slices
is initiated at a pre-specified moment after the R-wave, for instance at
50% of the previous R-to-R intervals.

[ X-ray exposure

B:  Spiral CT scanners acquire data continuously and record the patients

ECG during the scan. Isocardiophasic images are reconstructed using
ECG retrospective ECG-gating. The reconstruction window can be posi-
u tioned anywhere within the R-to-R interval, and images can be created

during any phase, for instance at 50%. The duration of the reconstruc-
tion window determines the temporal resolution.

SCAN TIME

On average the cranio-caudal size of the heart measures 10 to 12 cm, but can be larger with
ischemic heart disease. MSCT should cover the entire heart. The scan time is inversely related
to the X-ray tube rotation speed and number of detector-rows (or reconstructed slices). Current
CT-scanners have an X-ray tube rotation time of 330 to 400 msec and number of detectors rows

(slices) of 64, which results in a scan time of less than 10 seconds.

TISSUE CONTRAST AND IMAGE QUALITY

The differences in X-ray attenuation between non-enhanced coronary blood, the vessel wall and
epicardial fat are small and therefore hardly visible by MSCT imaging. An intravenous bolus

injection of 80 to 100 ml of high iodinated X-ray contrast is administered to allow differentiation



of the contrast-enhanced coronary lumen from the coronary wall and coronary atherosclerotic

plaques, which then permits detection of coronary lumen obstructions and non-obstructive coro-
nary plaques (3).

HEART-RATE RELATED IMAGE QUALITY

CT-data used for reconstruction of coronary images are usually obtained from the relative mo-
tion-free mid-to-end diastolic phase of the cardiac cycle to reduce motion-artifacts. The duration
of the motion-sparse diastolic phase is directly related to the heart rate, since faster heart rates
have a shorter diastolic period. Therefore heart rates more than 70 b.p.m. are reduced to prolong
the relative motion-free mid diastolic phase, by administration of an oral or intravenous B-beta-
blocker prior to the CT-investigation. It has been shown that the use of B-blockers results in better

quality of the CT-coronary images (3).

RADIATION EXPOSURE AND IMAGE QUALITY

The radiation exposure (i.e. the effective dose) of diagnostic invasive coronary angiography is ap-
proximately 6.0 mSv. The radiation exposure during Multislice CT scanning using a gated retro-
spective reconstruction protocol is considerably higher. The radiation exposure of the 64-slice CT
scanner using a continuous scan mode is estimated as an effective dose of 15.2 mSv for males and
21.4 mSv for females (4). Reduction of the X-ray radiation exposure can be achieved by the use of
an ECG controlled X-ray tube current modulation. This feature reduces the tube current during
the systolic phase and gives a full X-ray tube current only during the diastolic phase of the cardiac
cycles, when the coronary image is reconstructed. This feature can reduce the effective dose by
approximately 40% in slow heart rates.

64-SLICE SPIRAL CT SCANNER

The 64-slice CT-scanner boosted a major improvement in image quality and robustness of CT-
coronary angiography. The assessability of the coronary tree was significantly increased and now
included almost all major coronary segments and the larger side branches. The 64-slice MS-CT
scanner has a spatial resolution of 0.4 x 0.4 x 0.4 and a temporal resolution of 330 — 400 msec (tube
rotation speed) which has reduced the total scan time and hence the single breath hold time to
6 — 12 seconds.

41



SPIRAL MULTISLICE CT CORONARY ANGIOGRAPHY IN 2006: A CURRENT STATUS REPORT

The diagnostic performance of the 64-slice spiral CT scanner to detect a significant stenosis is
presented in Table 1 (5-11). The analysis was done per coronary segment according to the 17 coro-
nary segment model of the AHA. The number of inevaluable coronary segments is reduced to an
average of 4.7% while 3 studies did not exclude any coronary segment from analysis. The sensitiv-
ity was 89% (range 76%-99%), specificity 96% (range 95%-97%), the predictive value 78% (range
56%-88%) and negative predictive value 98.5% (range 96%-100%). The patient-based analysis

(any disease per patient) is presented in Table 2.

Table 1. Diagnostic performance of 16-MSCT for detection of significant coronary stenosis (luminal diameter > 50%)

Author NP Excl. Segm. % Sensitivity % Specificity % PPV % NPV %
Nieman 58 0 95 86 80 97
Mollet (‘04) 127 7 92 95 79 98
Martuscelli 72 16 89 98 90 98
Kuettner (‘04) 58 21 72 97 72 97
Leta 31 12 75 91 65 94
Hoftmann** (2004) 33 17 67 95 64 96
Mollet (‘05) 51 0 95 98 87 99
Kuettner 72 7 82 98 86 97
Cademartiri 40 0 96 96 86 99
Schuijf 45 6 98 97 89 99
Kefer 52 0 82 79 46 95
Hoftmann 103 7 95 98 95 99
Kuettner 120 7 85 98 93 95
Achenbach 50 4 94 96 68 99
(weighted) 912 7.8 87 96 81 97.5

** stenosis > 70%
PPV = positive predictive value
NPV = negative predictive value

CURRENT ROLE OF MSCT-CA IN CLINICAL PRACTICE

The presence of coronary anomalies can be adequately assessed by MSCT-CA (Figure 2). It has
been shown that the diagnostic performance of 64 slice CT-scanners to detect coronary stenoses is
high in patients who have a high prevalence of coronary artery disease (Figure 3). In these patients
the negative predictive value of 64 CT-scanners, as was shown in all published reports, is very high
allowing to exclude the presence of significant coronary artery disease with a very high accuracy.
However, there is no or only little information about the diagnostic performance of CT coronary

angiography in patients with a low to intermediate likelihood of coronary artery disease.



Table 2. Diagnostic performance of 64-MSCT for detection of significant coronary stenosis (luminal diameter > 50%)

Patient-based analysis

Author Year NP Sensitivity %  Specificity % PPV % NPV %
Leschka 2005 67 100 100 100 100
Leber 2005 45 88 85 88 85
Raff 2005 70 95 90 93 93
Mollet 2005 51 100 92 97 100
Ropers 2006 81 96 91 83 98
Schuijf 2006 60 94 97 97 93
TOTAL 374 96 92 94 95
(weighted)

* 4 patients were excluded

In addition the role of MSCT-CA in patients with unstable angina or non-ST-segment elevation

myocardial infarction is beginning to evolve (Figure 4).

Spiral CT coronary angiographic techniques are constantly improving and should result in more

reliable coronary imaging which will further affect (evolving) indications.

Figure 2: The left main and right coronary artery (RCA) arise from the right aortic sinus A-D. The anomalous left main coronary artery runs between the
aorta and pulmonary trunk (arrowheads). Note also the severe stenosis (arrow) of the left anterior descending artery (LAD).
RVOT: right ventricular outflow tract. (A full color version of this illustration can be found in the color section).
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SPIRAL CT FOR STENT
EVALUATION

Coronary stents are difficult to assess with
spiral CT stent related high density arti-
facts. Due to the “blooming” artifact the
apparent size of the stent struts is enlarged
thereby obscuring the visualization of the
in-stent lumen. Sixteen spiral CT is reli-
able to detect stent occlusion but non-
occlusive in-stent restenosis or the more
subtle in-stent neo-intimal hyperplasia re-
mains largely unidentified. Improved spa-
tial resolution of 64-slice scanners should
allow more accurate assessment of in-stent
restenosis, but published reports in hu-

mans are still lacking.

Figure 3: Curved multiplanar reconstructed images demonstrate the presence of
a significant lesion in the LAD (A,C,D). The corresponding diagnostic invasive
coronary angiogram (B) confirms the presence of a significant coronary stenosis
in the proximal LAD. The bright dots represents coronary calcium deposits

Figure 4: CT coronary angiogram and corresponding conven-
tional angiogram of the left coronary artery in a patient presenting
with unstable angina. Note that the volume-rendered images (A)
provide an excellent anatomic overview of the coronary arteries
but should not be used to score the presence and degree of coronary
stenoses. Tiwo detailed curved multiplanar reconstructed (<MPR)
CT image (C, E) and a maximum-intensity projection reveal the
presence of a significant stenosis located at the proximal LAD,
which was confirmed on the conventional angiogram ( B). Cross-
sectional CT images show a large noncalcific plaque (G) and a
normal coronary lumen of the left main (F) en distal LAD (H).
(A full color version of this illustration can be found in the color
section).

MSCT: POST-CABG
EVALUATION

Since the motion of coronary bypasses is
limited and the size is relatively large it
is relatively easy for MSCT to visualize
these grafts. The sensitivity and specific-
ity for graft patency of 16-slice spiral CT

was 98% for both vein and arterial grafts with a PPV of 92% and NPV of 99% after exclusion of
6% non-evaluable segments Table 3 (12-17). Stenosis assessment in grafts was less accurate and
the sensitivity, specificity, PPV and NPV was 91%, 98%, 83% and 99% respectively. Initial experi-



Table 3. 16 slice spiral CT for assessment of vessel occlusion in bypass grafts

Author NP Excluded segm. Sensitivity % Specificity % PPV % NPV %
Martuscelli 96 12 100 100 100 100
Chiurlia 52 1 100 100 100 100
Schlosser 48 4 95 95 81 99
Yamamoto 42 4 93 100 33 100
Anders 32 0 100 98 96 100
Salm 25 8 100 93 100 99
TOTAL 295 6 98 98 92 99
(weighted)

ence with the 64 spiral CT-scanner showed somewhat better results. The sensitivity, specificity,
positive and negative predictive value was 96%, 100%, 100%, 98% respectively in a study of 64
patients (18).

LIMITATIONS OF SPIRAL CT CORONARY
ANGIOGRAPHY

Persistent irregular heart rhythm such as atrial fibrillation and frequent extra systoles precludes
the use of MSCT-CA. However, an occasional extra systole can be corrected by post-processing
ECG-editing.

High-density material, such as calcified plaques or stents cause several image artifacts (e.g. bloom-
ing, partial voluming and beam hardening), which may hamper accurate assessment of the integ-
rity of the coronary lumen. In particular, severe coronary calcifications do not allow inspection of
the underlying coronary lumen, and cause misinterpretation. Moreover, coronary calcifications

adjacent to a lumenal obstruction may overestimate the severity of the obstruction.

FUTURE OF MSCT CORONARY ANGIOGRAPHY

The quality of current MSCT coronary imaging is still hampered by the limited temporal and
spatial resolution. Novel technical advances have been developed to address these issues by either
increasing the number of detector rows (slices) or by increasing the X-ray tube rotational speed.
A 256 detector CT-scanner has been introduced which allows assessment of LV-function and the

proximal coronary arteries but currently the performance is severely limited by the long-scan time
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and poor temporal resolution(19).

A significant step forward has been the very recent introduction of the Dual-source 64 slice CT-
scanner which has decreased the temporal resolution (to 83 msec) by use of two X-ray sources and
two detectors, while the shorter scan time, in combination with a shorter ECG-gated maximal
X-ray tube output should significantly lower the radiation dose (20,21). The improved temporal
resolution allows “motion-free” imaging also at higher heart rates thus obviating the need for pre-
investigational 8-blockade. Clinical evaluation of this new CT-technology in a wide spectrum of
patients should reveal whether this degree of expected image-improvement will suftice for clinical

decision making in an individual presenting with chest pain.

Further novel technical approaches requiring many years will be needed to resolve the problems
associated with coronary calcification (subtraction techniques using dual-X-ray

sources?) and arrhythmia’s (volumetric imaging during one heart beat).
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POST-PROCESSING USING MULTISLICE CT CA IMPROVES IMAGE INTERPRETABILITY IN PATIENTS WITH FAST HEART-RATES AND HEART-RATE VARIATIONS: A CASE-REPORT

ABSTRACT

Image quality in coronary CT angiography is inversely related to heart rate. Heart rate variations
are another cause of impaired image quality. We adapted the acquisition protocol to individual
patient’s heart rate. We reconstructed and post-processed images in a customized fashion to obtain
diagnostic image quality of the right coronary artery in a patient with heart rate changes between
81 and 111 bpm during the scan. Flexibility of acquisition protocols and expert post-processing
are helpful to improve the clinical reliability of coronary CT angiography.
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INTRODUCTION

Coronary CT angiography is becoming a practical alternative to coronary catheterization in se-
lected patient groups (1). However, the literature reports that image quality is inversely related to
heart rate (2); diagnostic accuracy is higher at lower heart rates and deteriorates at higher heart

rates (3). Likewise, heart rate variation during the scan may impair image quality heavily.

We show how we obtained diagnostic image quality of the right coronary artery with 64-slice CT
angiography in a patient whose heart rate ranged from 81 to 111 beats per minute during the scan.
The average heart rate was of 99 beats per minute.

HISTORY

A 42-year-old obese woman with Kawasaki disease diagnosed at 2 years of age and mental retar-
dation presented with exertional palpitations. Rest ECG and stress testing were inconclusive for
recent ischaemia. Noninvasive study of coronary arteries was performed with CT angiography.
The patient had sinus heart rhythm and average heart rate was 88 beats per minute (bpm) before
preparation. One hour before the CT study, the patient received 100 mg metoprolol orally and
medication to reduce anxiety. Five mg of atenolol were injected i.v. just before the scan. Neverthe-
less, average heart rate during scan was 99 bpm, ranging from 81 to 111 bpm (Fig. 1).
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Figure 1. Electocardiogram registered during the CT scan. Maximal X-ray tube output is given from 25% to 70% of cardiac cycle (light boxes) so that data
acquired during diastole (1A) and systole (1B) can be used for image reconstruction.

When the patient received instructions before the scan and the breath hold was rehearsed, we
noted that the heart rate was subject to changes in frequency. Thereby we increased the interval

during which maximum tube output was given from routinary 55-70% of the cardiac cycle to
25-70%.

Addendum 1
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Figure 2. ‘Panoramic’ multiplanar CT view of the RCA
obtained by combination of datasets from different phases
of the cardiac cycle. A giant calcified aneurysm is seen
proximally (arrow). A second calcified aneurysm is local-
ized in the mid-tract of the RCA (arrowhead). Hypodense
material consistent with thrombus is visible in both aneu-
rysms (asterisks). The lumen is, however, patent.

Coronary CT angiography was per-
formed with a 64-slice scanner (Sie-
g mens Sensation 64, Erlangen, Ger-
+250 ms y many). Gantry rotation time was
o 330 ms, detector size was 2x32x0.6
+285 ms . mm (z-flying focal spot technol-
ogy). These parameters translated
into a temporal resolution of 165 ms

and a spatial resolution of isotropic

0.4 mm3. Contrast agent (Ilomeron®

400 mgl/ml, Bracco, Italy) was injected into the antecubital vein at a flow rate of 5.0 ml/s.

Firstly, we reconstructed two datasets 300 ms before the R wave with monosegmental and bi-
segmental reconstruction algorithms, respectively. Since the latter did not result into better image
quality, we proceeded by reconstructiong multiple datasets using the monosegmental algorithm.

Both diastolic (Fig. 1 A) and systolic (Fig. 1 B) reconstruction windows were used.

Reconstructed slice thickness was 0.75

mm with an increment of 0.4 mm.

Tracts of the right coronary artery (RCA)
could be visualized with diagnostic image
quality in different datasets. By combin-
ing multiplanar views on an oftline com-
puter, the RCA could be visualized in its
entirety (Fig. 2). The left coronary artery
was less affected by motion artifacts and
was unremarkable. Despite high patient’s
heart-rate, diagnostic image quality was

obtained due to the enhanced temporal

resolution of 64-slice CT compared to

preVious generation CT scanners. Figure 3. Conventional angiogram of the RCA confirms CT findings.
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Two partially calcified coronary aneurysms were seen in the RCA. The proximal, larger aneurysm
(Fig. 2, arrow) was patent with a small amount of thrombus (Fig. 2, asterisk) layered on its walls.
The aneurysm localized in the mid-RCA (Fig. 2, arrowhead) was partially filled with thrombus
(asterisk). At this level, 2 experienced readers (F.P, W.B.M) scored in consensus the severity of
luminal narrowing as <50%. The total time needed for preparation of the datasets and their evalu-

ation was 20 minutes.

The patient eventually underwent conventional angiography (Fig. 3). Fractional flow reserve
(FFR) measurement in the mid-RCA yielded a value >0.75 confirming the CT findings.

DISCUSSION

Coronary CT angiography is a fast, noninvasive diagnostic modality where data for image forma-
tion can be acquired over the entire cardiac cycle or over a portion of the R-R interval. The latter
acquisition technique is called ECG-controlled dose modulation. ECG-controlled dose modula-
tion involves maximal X-ray tube output during diastole accompanied by a decrease in tube out-
put during systole. The result is a total dose reduction of 30% to 50%, depending on patient's heart

rate (4). Therefore, the use of dose modulation is always recommendable.

When patient’s heart rate is high and refractory to beta-blockers, however, reconstructions in the
systolic phase are often necessary, especially for the visualization of the middle RCA. By widening
the maximal tube output interval to 25-70%, we used data acquired in both systole and diastole
for image formation. A wider pulsing interval also allows to manually edit the position of recon-
struction windows along the cardiac cycle in order to compensate for heart rate changes during

the scan.

After analysing the RCA segment by segment in different datasets, we selected the best images

from each dataset and provided an interpretable view of the entire RCA, as shown in Figure 2.

It can be argued that increasing the interval of maximal tube output increases X-ray exposure.
However, a percent increase of the modulation interval does not imply an absolute increase in
patient X-ray exposure when patient’s heart rate is very high. Moreover, it has been reported that
at heart-rates less than 85 bpm best image quality occurs in diastole, whereas with higher heart-
rates the best reconstruction phase shifts to end-diastole (5). Setting the maximal tube output to
the end-systole might therefore reduce the radiation exposure without decreasing image quality

in patients with high heart-rates.

Addendum 1
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If the acquisition protocol is flexible and adapted to patient’s heart-rate, coronary CT angiography
has advantages over other noninvasive coronary imaging modalities, e.g. magnetic resonance im-
aging (MRI). In uncooperative patients, CT is easier than MRI because it is faster and one single
breath-hold is required. The capability to intervene with customized image reconstruction and
expert post-processing to minimize motion artifacts is an additional tool for improving the clinical

reliability of coronary CT angiography.
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DIAGNOSTIC ACCURACY OF 64-SLICE COMPUTED TOMOGRAPHY CORONARY ANGIOGRAPHY: A PROSPECTIVE MULTICENTER, MULTIVENDOR STUDY

ABSTRACT

Objectives
To determine the diagnostic accuracy of 64-slice CT coronary angiography (CTCA) to detect or
rule out significant coronary artery disease (CAD).

Background

CTCA is emerging as a non-invasive technique to detect coronary atherosclerosis.

Methods

We conducted a prospective, multicenter, multivendor study involving 360 symptomatic patients
with acute and stable anginal syndromes who were between 50 and 70 years of age, and referred for
diagnostic conventional coronary angiography (CCA) from September 2004 through June 2006.
All patients underwent a non-enhanced calcium scan and a CTCA which was compared to CCA.
No patients or segments were excluded because of impaired image quality due to either coronary
motion or calcifications. Patient-, vessel-, and segment based sensitivities and specificities were

calculated to detect or rule out significant CAD, defined as = 50% lumen diameter reduction.

Results

The prevalence among patients of having at least one significant stenosis was 68%. In a patient-
based analysis, the sensitivity for detecting patients with significant CAD was 99% (95%;CI:98-
100); specificity 64% (95%;CI:55-73); positive predictive value 86% (95%;CI:82-90); and nega-
tive predictive value 97% (95%;CI1:94-100). In a segment-based analysis, the sensitivity was 88%
(95%;CI: 85-91); specificity 90% (95%;CI:89-92); positive predictive value 47% (95%;Cl:44-51);
negative predictive value 99% (95%;CI:98-99).

Conclusions

Among patients in whom a decision had already been made to obtain CCA, 64 slice CTCA was
reliable for ruling out significant CAD in patients with stable and unstable anginal syndromes. A
positive 64 CTCA scan often overestimates the severity of atherosclerotic obstructions and re-

quires further testing to guide patients’ management.



INTRODUCTION

Non-invasive coronary angiography using computed tomography is a recent development and
multiple small single-center studies have been published with different generation scanners, but
only one multicenter study using a 16-slice scanner has been published (1). CT coronary angiog-
raphy (CTCA) using 4- and 16 slice scanners lacked sufficient robustness to be useful in clinical
practice (2,3). The 64-slice CT-technology featuring increased spatial and temporal resolution has
improved the clinical reliability and permits evaluation of all clinically relevant branches of the

coronary tree (4-16).

We conducted a prospective, multi-center, multi-vendor study to investigate the diagnostic ac-
curacy of 64-slice CT scanners to detect or rule out significant coronary artery disease (CAD)
including all coronary segments, in a consecutive series of symptomatic patients with acute and
stable anginal syndromes whom were scheduled for invasive conventional coronary angiography
(CCA).

METHODS

Study design

The study was designed to prospectively include symptomatic patients who presented with stable
anginal syndromes and unstable anginal syndromes who were referred for clinically indicated
CCA. Patients were requested to undergo an additional CTCA for research purposes besides
their CCA. The study protocol was approved by the institutional review board of the Erasmus
University Medical Center.

Study group

From October 2004 until June 2006 433 symptomatic patients with stable or unstable anginal syn-
dromes who were between the age of 50 and 70 years were enrolled in three university hospitals.
In order to avoid radiation exposure in young patients, who have a higher lifetime attributable risk
than older individuals receiving the same dose, patients enrolled in the study were 50 years or old-
er (17). A maximum age limit was set to minimize the presence of severe coronary calcifications
which especially occurs in the elderly and is known to hamper precise coronary stenosis evalua-
tion. Sixty-two patients denied (written) informed consent and 11 patients were excluded because
of CT-related criteria (5 scanner malfunction, 3 poor intravenous access, 2 contrast extravasation
and 1 second degree AV block due to beta blockers). Thus, the remaining study population com-
prised 360 patients (Figure 1).

61



DIAGNOSTIC ACCURACY OF 64-SLICE COMPUTED TOMOGRAPHY CORONARY ANGIOGRAPHY: A PROSPECTIVE MULTICENTER, MULTIVENDOR STUDY
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| -3 poor intravenous access sub-sternal discomfort 2) pre-
- 2 contrast extravasation
-1 dd AV block L - :
e e e cipitated by physical exertion
or emotion and 3) relieved with
’ 360 patients completed CTCA study ‘ rest or nitroglycerine within 10
minutes. Atypical angina pecto-
ris was defined when only one
285 Patients with at least 75 Patients without -
’ 1 segment > 50% on CTCA ‘ ‘ any segments > 50% on CTCA or two out Of these three Symp

tom characteristics were met.

Patients presenting with an

acute coronary syndrome were

A

244 Patients 41 Patients 73 Patients 2 Patients Categorized as haVing unStable
with at least one without any without any with at least one
f segment segment segment of : : :
, Segmentof oy A s e e angina pectoris (in the absence

) ] of a troponin rise as measured
Figure 1: Flow of patients through the study. CTCA: Computed Tomography Coronary An- ] ]
giography; QCA: Quantitative Coronary Angiography. at 2 separate time 1ntervals) or

as non ST-segment eclevation
myocardial infarction whenever troponin levels were elevated. Only patients with an acute coro-

nary syndrome that did not require an urgent invasive strategy were included.

Patients with a previous history of percutaneous coronary stent placement, coronary artery bypass
surgery, impaired renal function (serum creatinine >120 umol/l), persistent arrhythmias, inability
to perform a breath hold of 15 seconds, or known allergy to Iodinated contrast material, were

excluded.

Scan protocol

Each center used a 64-slice CT scanner from a different vendor (Sensation 64, Siemens, Forch-
heim, Germany; Brilliance 64, Philips Medical Systems, Best, the Netherlands; Toshiba Multi-
Slice Aquilion 64 system, Toshiba Medical Systems, Tokyo, Japan). Patients with a heart rate ex-

ceeding 65 bpm received either additional oral or intravenous beta-blockers

A non-enhanced scan to calculate the total calcium score was performed prior to the CTCA. The
scan parameters of the scanners are shown in Table 1. A bolus-tracking technique was used to syn-
chronize the start of image acquisition with the arrival of contrast agent in the coronary arteries.

The effective dose of the non-enhanced scan and the CTCA was estimated from the product of
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Table 1: Scan parameters of the different scanners

Sensation 64, Siemens Brilliance 64, Philips Aquilion 64, Toshiba
CT coronary angiography
Gantry rotation time 330 ms 420 ms 400ms
Slices per rotation 32x2 64x1 64x1
Individual detector width 0.6 mm 0.625 mm 0.5 mm
Table feed 3.8 mmy/rotation 8 mmy/rotation 5.76 mmy/rotation
Tube voltage 120 kV 120 kV 120 kV
Tube current 850 - 960 mAs 900 mAs 670-710 mAs
Retrospective gating Yes Yes Yes
ECG X-ray tube modulation OFF OFF OFF
Contrast material Iomeron 400 Ultravist 300-370 Iomeron 400
Volume 95 ml 100-140 ml 80-110 ml
Iodine flux 2.0 g/s 1.6-2.0g/s 2.0 g/s
Estimated effective dose 15.5 + 2.2 mSv 18.4 = 3.2 mSv 16.0 £ 2.3 mSv
Calcium score
Tube current 150 mAs 150 mAs 150 mAs
ECG-synchronization Retrospective gating Retrospective gating Prospective triggering
ECG X-ray tube modulation ON ON -
Estimated Radiation Exposure 1.7 = 0.8 mSv 1.8 = 0.9 mSv 1.2 = 0.5 mSv

the dose-length product and a conversion coetticient (k=0.017 mSv/(mGy X cm) for the chest as

the investigated anatomic region (18).

Image reconstruction

To acquire optimal motion-free images, datasets were reconstructed with retrospective ECG gat-
ing using an absolute reverse or percentage technique. Datasets were reconstructed immediately
after the scan following a stepwise approach. Initially, a single dataset was reconstructed during
the mid-to-end diastolic phase (350ms before the next R-wave or at 65-70 percent of the R-R in-
terval). In case of insufficient image quality of one or more coronary segments, additional datasets
were reconstructed in the diastolic phase (between 250ms and 450ms before the next R-wave or
between 60% and 80% of the R-R interval). In case of persistent artifacts related to coronary mo-
tion, an alternative approach using an absolute forward or percentage technique (between 250msec
and 400msec after the previous R-wave or between 20% and 40% of the R-R interval) was utilized
to obtain datasets during the end-systolic phase. If necessary, multiple datasets of a single patient
were used separately in order to obtain optimal image quality for all coronary segments. These
best selected datasets were stored on CD or DVD and used for CTCA analysis.
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Quantitative coronary angiography (QCA)

All were carried out within two weeks before or after CCA. Three experienced cardiologists
(CAM, KN, JMW) unaware of the results of CTCA, received the CCA”s on a CD, and identi-
fied and analyzed all coronary segments, using a modified 17-segment AHA classification (19) on
a separate work station. Segments were visually classified as normal (smooth parallel or tapering
borders; visually less than 20% narrowing) or as having non-significant or significant coronary
obstruction (visually more than 20% narrowing). The stenoses in segments visually scored as hav-
ing more than 20% narrowing, were quantified by a validated quantitative coronary angiography
(QCA) algorithm (CAAS, Pie Medical, Maastricht, the Netherlands)(20).

Stenoses were evaluated in the worst angiographic view and classified as significant if the lumen

diameter reduction exceeded =50%.

CT image evaluation

The total calcium scores of all patients were calculated using dedicated software. The CTCA scans
of a certain study center were always graded by a team from another study center. Two observers
graded each CTCA scan and in case of disagreement consensus was obtained by a third reader.
Experienced observers (WBM, MEM, JDS, NRM, AMYV, JWJ) unaware of the results of the CCA,
evaluated the CTCA data sets on an oftline workstation (Leonardo, Siemens, Forchheim, Ger-

many).

Image quality was evaluated on a per-segment basis and classified as good (defined as absence of
any image-degrading artefacts related to motion, calcification, or noise), moderate (presence of
image-degrading artefacts, but evaluations possible with moderate confidence), or poor (presence
of image-degrading artefacts and evaluation possible with low confidence). The influence of cal-
cium on a per-segment basis was evaluated and graded as none (not calcified), moderate (calcium
present and covering <50% of lumen), and high (calcium covering >50% of lumen in all planes

including in cross section).

The axial source images, as well as multiplanar or curved reformatted reconstructions and maxi-
mum intensity projections were used to evaluate the CT dataset for the presence of significant
segmental stenosis. Segments were scored as having significant CAD if there was = 50% diameter
reduction of the lumen by visual assessment. Segments distal to a chronic total occlusion were
excluded. An intention to diagnose design was used: thus all scanned patients including all ves-
sels and segments were analyzed even if the image quality was poor due to extensive calcification,

coronary motion, or breathing artifacts.

64 | 4



Power calculation

We assumed a 70% prevalence of significant CAD in this study population. Sample size calcula-
tions demonstrated that 320 patients were necessary to estimate the sensitivity and specificity of
CTCA versus CCA as reference standard with a 95% confidence interval of 6% (ie. a standard er-
ror of approximately 3%) above and below the expected CTCA sensitivity and specificity of 90%.

To allow for possible incomplete data we included 40 extra patients.

Statistical analysis

Descriptive statistics were performed for patients, coronary vessels, and segments. All 360 pa-
tients and all coronary segments were included in the analysis. Categorical patients’ demograph-
ics and characteristics, expressed as numbers and percentages, were compared using chi-square
tests. Continuous variables were expressed as mean (standard deviation) and compared with an
unpaired two-sided student t test when normally distributed. Normality was determined using
the software program SPSS which uses the Shapiro-Wilk test for sample sizes from 3 to 2000.
Furthermore, graphical methods were used such as frequency distribution histograms to visual-
ize a normal distribution. When not normally distributed, continuous variables were expressed as
medians (25th to 75th percentile range) and compared using the nonparametric Mann-Whitney
test. For the evaluation of patient demographics and characteristics, p-values<0.01 were consid-
ered statistically significant. Diagnostic performance of CTCA for the diagnosis significant CAD
compared to the standard of reference QCA on CCA was determined with sensitivity, specificity,
positive predictive value (PPV), and negative predictive value (NPV) and their corresponding
95% confidence intervals. Definitions of descriptive parameters used in the different diagnostic
analyses are seen in Table 2.

Table 2: Definitions of descriptive parameters used in the different diagnostic analyses.

True positive

True negative

False positive

False negative

Patient analysis

Vessel analysis

Segment analysis

At least one significant
stenosis in a patient
detected by CTCA
and CCA regardless

of location of stenosis

At least one significant
stenosis in a vessel
detected by CTCA

and CCA, regardless
of location of stenosis

Significant stenosis
in a segment detected
by CTCA and CCA

No significant
stenosis in a patient
detected either by
CTCA or CCA

No significant
stenosis in a vessel
detected either by

CTCA or CCA

No significant
stenosis in a segment
detected cither by
CTCA or CCA

Significant steno-
sis detected by
CTCA and no

significant stenosis
detected by CCA.

Significant steno-
sis detected by
CTCA and no

significant stenosis

detected by CCA.

Significant steno-
sis detected by
CTCA and no

significant stenosis

detected by CCA.

CTCA: Significant stenosis is defined as a 50% lumen diameter reduction of the lumen by visual assessment.
CCA: Significant stenosis is defined as a 50% lumen diameter reduction as quantified with QCA.

No significant stenosis
detected by CTCA
and at least one
significant stenosis
detected by CCA.

No significant stenosis
detected by CTCA
and at least one
significant stenosis
detected by CCA.

No significant
stenosis detected
by CTCA and a

significant stenosis
detected by CCA.
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The data was clustered implying that potential correlation existed between the multiple (seven-
teen) segments analyzed per patient (21-23). To adjust for the clustered nature of the data, we
used a bootstrap approach for the analyses with the patient as cluster, sampling with replacement,
performing 1000 replications, and analyzing the bias-corrected 95% confidence intervals in both

the vessel and segment analyses and their sub-analyses (23,24).

Three pair of observers for different centers conducted the analysis resulting in three intervari-
abilities presented as range of inter-variability. The data of the three inter-variabilities were aver-
aged and presented as mean inter-observer variability. Intra-observer agreement of one observer
in a set of 50 patients is presented using kappa-statistics. The statistical analyses were performed
using SPSS (version 12.1. SPSS Inc., Chicago, I1l.) and STATA (SE 8.2, College Station, Texas).

RESULTS

Patient characteristics of those included and excluded from the study are shown in Table 3. There
were no significant differences between the two groups. The prevalence of having at least one
significant coronary stenosis was 68%. Patient demographics of patients presenting with stable or
unstable symptoms were comparable, except for a higher prevalence of smokers (p: <0.001) and
a higher prevalence and extent of significant CAD (p: <0.01) in patients presenting with unstable

anginal syndromes (Chi-square test).

Additional beta-blockers prior to CTCA scanning were administered in 56% (200/360) of pa-
tients, decreasing the mean heart to 59+9 bpm. The mean scan time was 10.7%1.6 seconds. One
patient needed a short period of observation on the coronary care unit because of a second-degree
AV block after beta-blocker administration but recovered completely. In 2 patients contrast ex-
travasation occurred which resolved without further complications and three patients had mild

contrast allergy which was successfully treated with anti-histaminica.

Diagnostic performance of 64-slice CT coronary angiography:

patient-based analysis

The diagnostic performance of CTCA for detecting significant stenoses on a patient-level is de-
tailed in Table 4. Almost all patients with significant CAD on CCA were identified by CTCA
(99%, 244/246) (Figure 2,3). Two patients with one vessel disease were missed. CTCA detected
at least one significant coronary stenosis in all patients with left main or 3 vessel disease (100%,
27/27) which means that per patient-analysis all these patients were correctly identified. Forty-one
patients with angiographic non-significant disease were incorrectly classified as having significant
CAD by CTCA: 49% (20/41) of patients were scored as having single-vessel disease, 27% (11/41)

of patients as having two-vessel disease, 17% (7/41) of patients as having three-vessel disease, and
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Table 3: Patient demographics (N: 360)

Included  Excluded Stable anginal Unstable angi-
Variable patients patients  p-value syndromes nal syndromes  p-value

(N:360, %)  (N:73, %) (N: 233, %) (N: 127, %)
Typical angina pectoris 151 (42%) 34 (47%) 151 (65%) - -
Atypical angina pectoris 82 (23%) 13 (18%) 82 (35%) - -
Unstable angina pectoris 77 (21%) 15 (21%) ns - 77 (61%) -
Non ST segment clevation o o o
myocardial infarction 50 (14%) 11 (15%) B 50/ (39%) -
Men 245 (68%) 54 (76%) ns 156 (67%) 89 (70%) ns
Age (yrs)* 60 =6 60 =6 ns 60 £ 6 60 = 6 ns
Body mass index (kg/m?)* | 273 £3.8 27242 ns 27.6 £3.9 268 =35 ns
Heart rate (bpm)* 599 - - 59 =10 59 =8 ns
Risk factors
Hypertension 1 219 (61%) 44 (60%) ns 149 (64%) 70 (55%) ns
Hypercholesterolemia § 228 (63%) 45 (63%) ns 151 (65%) 77 (61%) ns
Diabetes mellitus | | 63 (18%) 15 (21%) ns 47 (20%) 16 (13%) ns
Smoker 137 (38%) 27 (37%) ns 74 (32%) 63 (50%) < 0.001
Family history of 183 (51%) 40 (55%) ns 113 (48%) 70 (55%) ns
coronary artery disease
Body mass index
= 3gkg/m2 85 (24%) 18 (25%) ns 59 (25%) 26 (20%) ns
Previous myocardial 53 (15%) 14 (19%) ns 36 (15%) 17 (13%) ns
infarction
Calcium score 213 (42-
(Agatston scorc)t 553) - - 211 (31-639) 216 (44-478) ns
Conventional coronary
angiography
Prevalence of obstructive

. 246 (68%) 58 (79%) ns 146 (63%) 100 (79%) <0.01

coronary artery disease
Absence of significant 114 32%) 15 (21%) 87 (37%) 27 (21%)
coronary artery disease
Single vessel disease 141 (39%) 26 (36%) 88 (38%) 53 (42%)
Two vessel disease 78 (22%) 20 (27%) ns 46 (20%) 32 (25%)
Three vessel disease 21 (6%) 10 (14%) 10 (4%) 11 (9%) < 0.01
Left main coronary 6 (2%) 2 (3%) 2 (1%) 4 (3%)

artery disease

* Mean and standard deviation. T Median and quartiles. Values are n (%) unless otherwise indicated. Categorical patients’ demographics and character-
istics were compared using chi-square tests. Continuous variables were tested with unpaired two sided student t test. If not normally distributed, continuous
variables were compared with the Mann-Whitney test. P values are significant if values < 0.05. F Blood pressure = 140/90 mm Hg or treatment for
hypertension. § Total cholesterol > 180 mg/dl or treatment for hypercholesterolemia. || Treatment with oral anti-diabetic medication or insulin.

67



DIAGNOSTIC ACCURACY OF 64-SLICE COMPUTED TOMOGRAPHY CORONARY ANGIOGRAPHY: A PROSPECTIVE MULTICENTER, MULTIVENDOR STUDY

Table 4: Diagnostic performance of 64-Slice CT Coronary Angiography for the detection of = 50% stenosis on QCA in the per-patient analysis
(95% CI).

Prevalence N TP TN FP FN Sensitivity, Specificity, ~ PPV, NPV,
of disease, % % % %
%
Patient based analysis 68 360 244 73 41 2 99 64 86 97
(98-100) (55-73)  (82-90)  (94-100)
Stable angina pectoris 63 233 145 56 31 1 99 64 82 98
(98-100) (53-74)  (76-88)  (95-100)
Non-ST elevation acute 79 12799 17 10 1 99 63 91 94
coronary syndrome (97-100) (45-81) (85-96)  (84-100)
Men 76 245 185 38 20 2 99 66 90 95
(97-100) (53-78)  (86-94)  (88-100)
Women 51 115 59 35 21 0 100 63 74 100

(100-100)  (50-75)  (64-83)  (100-100)

Typical angina pectoris 70 151 104 31 15 1 99 67 87 97
(97-100) (54-81) (81-93)  (91-100)
Atypical angina pectoris 50 82 41 25 16 0 100 61 72 100

(100-100)  (46-76)  (60-84)  (100-100)

Unstable angina 75 77 57 13 6 1 98 68 90 93
pectoris (95-100) (48-89)  (83-98)  (79-100)
Non-ST elevated 84 50 42 4 4 0 100 50 91 100
myocardial infarction (100-100) (15-85) (83-99)  (100-100)

TP indicates true positive; TN, true negative; FP, false positive; FN, false negative; PPV positive predictive value; NPV, negative predictive value.

r

N
N8

Figure 2: A thick maximum intensity projected CT coronary artery (CTCA) image (A) reveals the anatomy of the right coronary artery (RCA). A curved
multiplanar reformatted image (B) discloses a significant coronary stenosis (arrow) in the mid right coronary artery and distally an intermediate coronary
stenosis which both were corroborated by conventional coronary angiography (C).
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Figure 3: Three curved multiplanar reconstructed images reveal the right coronary artery (A), the left anterior descending coronary artery (LAD) (B) and
the circumflex coronary artery (C). In the left main coronary artery, proximal and mid LAD non-obstructive calcified plaques can be seen. The conven-

tional coronary angiography confirms the absence of significant coronary artery disease.

7% (3/41) having significant left main CAD (Figure 4). Sensitivity and specificity between patients

who presented with stable versus unstable symptoms were similar.

Diagnostic performance of 64-slice CT coronary angiography:

vessel-based analysis

The diagnostic performance of CTCA for the detection of significant lesions on a vessel-based
analysis is detailed in Table 5. Significant lesions in the right coronary artery and circumflex coro-
nary artery were more often undetected than lesions in the left anterior descending coronary artery
and left main coronary artery. The severity of a lesion was overestimated in 245 non-obstructive

vessels (false positives).

Diagnostic performance of 64-slice CT coronary angiography

to predict the extent of significant vessel disease.

CTCA correctly predicted the absence of significant vessel disease and presence of one, two and
three vessel disease in 53% (192/360) of the patients. In 3% (11/360) CTCA underrated the ex-
tent of disease and in 44% (157/360) overestimated the extent of disease. The weighted kappa to
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predict the extent of vessel dis-

case was moderate (0.47).

The prevalence of three vessel
disecase was 6%. The sensitiv-
ity for predicting the presence
of significant three vessel dis-
ease was 90% (95%;CI:68-98);
specificity  77%  (95%;CIL:72-
81); positive predictive value
19%  (95%;ClL:12-29);  and
negative predictive value 99%
(95%;CI1:97-100) (Table 6).

Figure 4:A volume-rendered CT coronary angiography (CTCA) image (A) reveals the anatomy
of the right coronary artery (RCA). A maximum intensity projected image (B) and two curved
multiplanar reconstructed images depict a non-calcified obstructive coronary stenosis in the mid
RCA. However, conventional coronary angiography only reveals a non-significant stenosis.
Quantitative coronary angiography showed a 40% diameter reduction of the coronary lumen. (A
Sfull color version of this illustration can be found in the color section,).

Table 5: Diagnostic petformance of 64-Slice CT Coronary Angiography for the Detection of = 50% Stenosis on QCA in the per-vessel analysis
(95% CI)

Preva- N TP TN FP FN Sensitivity, Specificity, PPV, NPV,
lence of % % % %
disease, %
Vessel based analysis 26 1440 354 821 245 20 (929_27) (747—780) (5;—963) (969_899)
Right coronary artery 39 360 132 170 50 8 (9(())—28) (717-782) (667—379) (929_698)
Left main 83 95 24 100
coronary artery 2 360 > 33816 1 (50-100) (93-97) (8-44) (99-100)
Left anterior
- 99 56 57 99
::tsecendmg coronary 37 360 133 126 100 1 (97-100) 49-63)  (51-63)  (97-100)
ry

Circumflex 89 70 52 95
coronary artery 26 360 841877910 (83-95) (65-76) (45-60) (92-98)

Bias-corrected 95% confidence intervals from a bootstrap analysis are reported for the vessel analyses and the individual vessel analyses. TP indicates true
positive; TN, true negative; FP, false positive; FN, false negative; PPV, positive predictive value; NPV, negative predictive value.



Table 6: The performance of CT coronary angiography to predict the extent of CAD as seen on conventional coronary angiography.

Extent of CAD as seen on
conventional coronary angiography

Extent of CAD as seen on
CT coronary angiography

The weighted kappa = 0.47 and the strength of agreement is considered to be moderate. The left main coronary artery was left out of the analysis. CAD:
Coronary artery disease.

Diagnostic performance of 64-slice CT coronary angiography:

segment-based analysis

The diagnostic performance of CTCA for the detection of significant lesions on a segment-based
analysis is detailed in Table 7. Overall 5297 (out of 6120 potentially available segments) were
included for comparison with CCA. Unavailable segments included 628 anatomically absent
segments on CCA and 195 segments distal to an occluded coronary segment. All coronary seg-

ments were evaluated, also including segments with severe calcifications or poor image quality.

TN + FP, < 50% TP + FN, 2 50%

100% - 0%
90% - 1 1 10% Figure 5: In the graph the di-
80% | A [ I e agnostic  performance of CT
coronary angiography (CTCA)
70% 1 1 [ 30% is shown accbm’ing to various di-
X 60% —  40% ® ameter stenoses as measured by
Z 50% - - | I s0% ar quantitative coronary angiography
TR . in a per-segment analysis. The
Z 40% 1 — [ 89% @ absolute number of segments per

g P

= 30% - — = 70% F stenosis category is presented in
20% | L 80% the table. The highest frequency
of overestimated (FP) and under-
10% 1 — ] %% estimated (FN) coronary stenoses
0% T T T T T 100% by CTCA was clustered around
0-20 21-30 31-40 41-49 50-60 61-70 71-80 81-90 91-100 the cut-off value of 50% diameter

reduction (= significant coronary
stenosis). TP: true positive, TN:

FP 286 | 34 77 74 180 | 102 50 10 80 TP true negative, FP: false positive,
FN: false negative.

Diameter stenosis on QCA, %

TN | 3993| 116 | 137 | 99 41 11 7 0 1 FN
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Table 7: Analysis of the influence of coronary diameter, image quality and coronary calcium of the diagnostic performance of 64-Slice CT Coronary An-
giography for the Detection of = 50% Stenosis on QCA in the per-segment analysis (95% CI).

Prevalence N TP TN FP FN Sensitivity, Specificity, PPV, % NPV, %
of disease, % %
%

Segment 9 5297 422 4345 471 59  88(85-91) 90 (89-92) 47 (44-51) 99 (98-99)
based analysis
Diameter
> 2 mm 10 4531 407 3655 419 50 89 (86-92) 90 (88-91) 49 (45-53) 99 (98-99)
1.5-2 mm 3 449 10 396 40 3 77 (54-100) 91 (88-94) 20 (10-32) 99 (98-100)
< 1.5mm 3 317 5 294 12 6 45(10-75) 96 (94-98) 29 (7-58) 98 (96-99)
Image quality
Good 9 3710 282 3188 206 34 89 (85-93) 94 (93-95) 58 (53-62) 99 (98-99)
Moderate 11 851 78 641 117 15 84 (76-91) 85(82-88) 40 (33-47) 98 (96-99)
Poor 10 736 62 516 148 10 86 (78-94) 78 (74-82) 30 (24-36) 98 (97-99)
Calcium
None 5 3640 128 3367 108 37  78(71-84) 97 (96-98) 54 (48-60) 99 (99-99)
Moderate 17 1235 192 829 197 17  92(88-95) 81 (78-84) 49 (44-55) 98 (97-99)
High 25 422102 149 166 5  95(91-99) 47 (41-54) 38 (32-44) 97 (94-99)

Bias-corrected 95% confidence intervals from a bootstrap analysis are reported for the segment analyses and their sub-analyses. TP indicates true positive;
TN, true negative; FP, false positive; FN, false negative; PPV; positive predictive value; NPV, negative predictive value.

Sensitivity decreased with vessel diameter and increased with the presence of calcifications. Speci-

ficity decreased with poor image quality and in the presence of severe calcifications.

The severity of 59 significant coronary stenoses was underestimated or missed and classified as
non-significant by CTCA and the severity of 471 non-significant lesions was overestimated by
CTCA. The highest percentage of overestimated and underestimated coronary stenoses was clus-
tered around the cut-off value of 50% diameter reduction (Figure 5). The kappa-values for the
mean interobserver variability and the intraobserver variability were 0.66 (range 65-67) and 0.69,

respectively.

DISCUSSION

This prospective, multicenter, multivendor study showed that 64-slice CTCA in intermediate-
to-high risk symptomatic patients accurately detects significant CAD and is reliable to rule out
significant CAD. The sensitivity to detect CAD was 99% and the negative predictive value 97%.



Because of overestimation of severity of a stenosis the specificity was moderate, 64%, with a posi-
tive predictive value of 86%. All patients with three-vessel disease or left main CAD were de-
tected. The study was performed in three independent centers, with different types of 64-slice CT

scanners and using different dedicated scan protocols.

The high sensitivity of CTCA for CAD demonstrated in our study is in keeping with the sensitiv-
ity of 64-slice CTCA studies performed in single-center studies. The specificity of 64% is, how-
ever, lower than results published previously which ranged from 79% to 100% (4,5,7-15). The
main reason for the lower specificity was the rather high rate of false positive outcomes, which
was related to the difficulties to grade the severity of stenosis and the inclusion in the analysis of
all available coronary segments regardless of image quality. We included in our analysis segments
with poor image quality caused by blurring due to cardiac motion or step artifacts due to breathing
or an irregular heart rate. The precise grading of the severity of a coronary stenosis is hampered
in calcified obstructions, due to the blooming effect, which overestimates the severity of stenosis.
In case of extensive focal calcifications the visualization of the underlying coronary lumen is ob-
scured. However, we did not exclude these segments from the analysis but tended to grade these

lesions as having a significant obstruction.

Our coronary stenosis grading policy, and inclusion of all coronary segments in an intention-
to-diagnose approach, is based on the premises that patients with cither positive CTA results or
non-evaluable segments will undergo CCA. Since the clinical implication is the same, we graded
non-evaluable segments as positive which means that the calculated sensitivity and specificity re-
flect clinically decision making. Our approach is different from many single-center reports about
the diagnostic performance of 64-slice CTCA, in which approximately 6% of all segments were

excluded from further analysis because they were considered non-evaluable (4,5,7-15).

The in- or exclusion of non-evaluable coronary segments from further analysis on the diagnostic
performance of CTCA can have significant effects as shown in the multicenter CT-study reported
by Garcia et al. They studied 187 symptomatic patients using 16-slice CT-scanners. After exclu-
sion of non-evaluable segments (29% of all available segments) the sensitivity was 75% and speci-
ficity was 77%. Scoring all non-evaluable segments as a positive test result, sensitivity increased to
98% but at the expense of specificity which decreased to 54%.

The outcome of a negative CTCA scan is important. A recent study showed that conservative
management of a patient with a negative CT scan is safe and associated with an excellent 1-year
outcome (25). The presence and extent of both non-obstructive and obstructive CAD as seen on
CTCA showed to predict adverse cardiovascular events in particular in patients with left main and
three-vessel disease (26). In our study we demonstrated that CTCA reliably detected patients with

left main or three-vessel disease, although CTCA overestimated the extent of disease compared
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to CCA. For clinical decision making the high number of false positive CTCA outcomes neces-
sitates further testing with either functional tests or CCA. Alternatively, a functional test could be

performed prior to or in addition to CTCA.

The time is ready for clinical trials testing the effectiveness and cost-effectiveness of various
workup algorithms in a randomized fashion to see which yields the best outcomes and lowest

costs.

LIMITATIONS

Our study was performed in pre-selected middle-aged patients referred for CCA who presented
with atypical and typical stable angina and unstable angina which have been shown to fall into
categories of patients with intermediate to high pre-test probabilities of having CAD (27). Thus,
our study population is neither representative of patients with a low-to-intermediate probability
where CTCA is currently recommended (28) nor of unstable patients with ongoing ischemia,
or with hemodynamic or electrical instability, who require an immediate intervention. A study
comparing CTCA to CCA in patients at low-to-intermediate risk would be difficult to perform
because CCA is not always indicated. However, the negative-predictive value for low-to-interme-
diate risk patients can be estimated using Bayesian revision adjusting the prior probability and is
very high. Despite the high sensitivity and lower specificity, our study did not suffer from referral
bias. A referral bias occurs when patients are selected for referral to the reference test based on the
results of the index test. In our study all patients underwent the reference test, CCA, irrespective
of the results of the index test, CTCA. Ideally, a consecutive series of patients who are referred for
CTCA, and not CCA, needs to be considered where all patients should undergo CCA regardless
of CTCA results.

The high radiation exposure, with an estimated effective dose of 15-18m mSv is of concern. In
this study we did not use prospective ECG triggered X-ray tube modulation to reduce the radia-
tion dose because the first generation 64-slice MDCT systems were equipped with non-flexible
tube current modulation ability. We were concerned that the use of this mode would increase the
number of coronary segments with poor image quality because the technique limits the ability to

reconstruct images in all coronary phases and may cause motion artifacts.



CONCLUSION

Among patients in whom a decision had already been made to obtain CCA, we found that 64 slice

CTCA was reliable for ruling out significant CAD in patients with stable and unstable anginal

syndromes. A positive 64 CTCA scan often overestimates the severity of atherosclerotic obstruc-

tions and requires further testing to guide patients’ management.
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COMPARISON OF DIAGNOSTIC ACCURACY OF 64-SLICE COMPUTED TOMOGRAPHY CORONARY ANGIOGRAPHY IN WOMEN-VS-MEN WITH ANGINA PECTORIS

ABSTRACT

Objectives
We compared the diagnostic accuracy of 64-slice Computed Tomography coronary angiography
(CTCA) to detect significant coronary artery disease (CAD) in female and male patients.

Methods

64-slice CT coronary angiography was performed in 402 symptomatic patients, 123 females and
279 males, with CAD prevalence of 51% and 68%, respectively. Significant CAD, defined as =
50% coronary stenosis on quantitative coronary angiography, was evaluated on a patient, vessel

and segment level.

Results

The sensitivity and negative predictive value to detect significant CAD was very good, both for
women and men (100% vs. 99%, p: ns; 100% vs. 98%, p: ns), whereas diagnostic accuracy (88%
vs. 96%; p: <0.01), specificity (75% vs. 90%, p: <0.05) and positive predictive value (81% vs. 95%,
p :< 0.001) were lower in women. The per-segment analysis demonstrated lower sensitivity in
women compared to men (82% vs. 93%: p :< 0.001). The sensitivity in women did not show a
difference in proximal and mid segments, but was significantly lower in distal segments (56% vs.
85%; p :< 0.05) and side branches (54% vs. 89%; p : < 0.001).

Conclusion
CTCA reliably rules out the presence of obstructive CAD in both men and women. Specificity
and positive predictive value of CTCA were lower in women. The sensitivity to detect stenosis in

small coronary branches was lower in women compared to men.



INTRODUCTION

CT coronary angiography (CTCA) is a rapidly evolving coronary imaging technique, and a poten-
tial alternative to established non-invasive tests for coronary artery disease (CAD). The diagnostic
accuracy of CTCA in women per sé has not been investigated, but is extrapolated from reports
that were performed in populations largely consisting of men'®. Although earlier data suggested
a discrepancy between men and women with regard to the diagnostic performance of ischemia-
driven tests, recent reports using contemporary exercise ECG testing, stress echocardiography,
and gated SPECT myocardial perfusion imaging refute these earlier conclusions, and state similar
diagnostic results for both women and men'*'. Apart from varying age, disease prevalence and
severity, additional anatomical and physiological differences, including body composition, heart
rate, coronary calcium and coronary diameter size, between men and women may affect the diag-
nostic performance of CTCA. The purpose of this study was to ascertain the diagnostic accuracy
of CTCA in women-vs-men with chest pain to detect or exclude the presence of obstructive
CAD.

METHODS

During a 24-month period 402 patients with acute or stable chest pain symptoms that were re-
ferred for conventional coronary angiography (CCA) were included in the study. No patients
with previous history of percutaneous coronary intervention or coronary artery bypass surgery,
impaired renal function (serum creatinine>120 umol/l), persistent arrhythmias and known in-
tolerance to Iodinated contrast material were included. CCA was performed before or after the
CTCA and served as the standard of reference. The institutional review board of the Erasmus MC

Rotterdam approved the study and all subjects gave informed consent.

Patients with a heart rate exceeding 65 bpm received additional beta-blockers (50/100mg Meto-
prolol) 1 hour before the CT examination. All scans were performed on a 64-slice CT scanner
with a gantry rotation time of 330 msec, a temporal resolution of 165 msec and a spatial resolu-
tion of 0.4 mm? (Sensation 64, Siemens, Forchheim, Germany). For the coronary calcium score a
low-dose, non-enhanced scan was performed with the following, standardized parameters: 32X2
slices per rotation; individual detector width of 0.6 mm, 330 ms rotation time, 3.8 mm/rota-
tion table feed, 120 kV tube voltage, 150 mAs tube current, with activated prospective x-ray tube
modulation. The CTCA scan was performed with identical parameters except for a higher tube
current between 850 and 960 mAs without prospective ECG x-ray tube modulation. The esti-
mated radiation exposure was estimated using dedicated software ImPACT ®, version 0.99x, St.
George’s Hospital, Tooting, London, UK). A 95-ml bolus of Iomeprol (IomeronTM, 400 mgl/

mL; Bracco, Milan, Italy) was injected intravenously into an antecubital vein at 5 mL/s. A bolus-
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tracking technique was used to monitor the arrival of contrast in the coronary arteries. The scan
was started once the contrast material in the ascending aorta reached a predefined threshold of
+100 Hounsfield units.

Datasets were reconstructed immediately after the scan following a stepwise outline. Images were
obtained during a half x-ray tube rotation, resulting in an effective temporal resolution of 165
msec. To acquire optimal motion-free images were reconstructed by retrospective ECG-gating.
Initially, a single dataset was reconstructed during the mid-to-end diastolic phase (350 ms before
the next R-wave or at 65 percent of the R-R interval). In case of insufficient image quality of one
or more coronary segments, additional datasets were reconstructed in the diastolic phase (between
250 ms and 450 ms before the next R-wave or between 60% and 70% of the R-R interval). In case
of persistent artifacts related to coronary motion, a second reconstruction approach was carried
out. Datasets were reconstructed during the end-systolic phase using an absolute forward or per-
centage technique (between 250 msec and 400 msec after the previous R-wave or between 25%
and 35% of the R-R interval). In 34% (137/402) of the cases end-systolic reconstructions were
used for image analysis. If necessary, multiple datasets of a single patient were used separately in

order to obtain optimal image quality of all available coronary segments.

All scans were carried out within one week before or after CCA. One experienced cardiologist,
who was unaware of the CTCA results, identified and analyzed all coronary segments according
to the modified 17-segment American Heart Association classification17. Regardless of diameter
size all segments were included for comparison with CTCA. Segments were classified as normal
(smooth parallel or tapering borders), non-significantly stenosed (wall irregularities or <50% nar-
rowed) or significantly stenosed (=50% narrowed). Stenoses were evaluated in the worst view,
and classified as significant if the lumen diameter reduction exceeded 50 % measured by validated
quantitative coronary angiography (QCA) algorithm (CAAS, Pie Medical, Maastricht, the Neth-

erlands)'®.

For each patient the total calcium score was measured, and expressed using the Agatston score'’.
Two experienced, blinded observers evaluated the CTCA data on an offline workstation (Leon-
ardo, Siemens, Forchheim, Germany). The axial source images, as well as multiplanar or curved
reformatted reconstructions and maximum intensity projections were used to evaluate the CT
angiograms and assess the presence of significant segmental stenosis. Segments were scored posi-
tive for significant CAD if there was = 50% diameter reduction of the lumen by visual assessment.
Segments distal to an occluded segment were excluded. Inter-observer disagreement was resolved
by a third reader.

Descriptive statistics were performed for coronary segments, vessels and patients. The diagnostic

performance of CTCA for the detection of significant stenoses in the coronary arteries with QCA
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as the standard of reference is presented as sensitivity, specificity, positive- and negative predictive
values. Precision of the diagnostic parameters is presented using a 95% confidence interval (CI).
Chi square tests were performed to show significant differences in diagnostic accuracy. Positive
and negative likelihood ratios are given. The likelihood ratio incorporates both the sensitivity and
specificity of a test and provides a direct estimate of how much a test result will change the odds of
having a disease. Post-test odds can be calculated by multiplying the pre-test odds (pre-test prob-
ability/[1 - pre-test probability] by the positive likelihood ratio (Sensitivity/ [1-Specificity]) and
negative likelihood ratio ([1-Sensitivity]/Specificity). Post-test probability can be re-calculated by
using the following formula (post-test probability= post-test odds/[1 + post-test odds]).

A subanalysis was performed between the two sexes. Categorical characteristics are expressed
as numbers and percentages, and compared between the two groups with the chi square test.
Continuous variables are expressed as mean (standard deviation) and compared with an unpaired
two-sided student t test when normally distributed. When not normally distributed, continuous
variables are expressed as medians (25th to 75th percentile range) and compared using the non-

parametric Mann-Whitney test. P-values <.05 were considered statistically significant.

An additional sensitivity analysis was done to investigate the effect of nesting, since repeated
assessments within the same patient were made that were not independent observations. Inter-
observer and intraobserver variability for the detection of significant coronary stenosis was deter-

mined by k-statistics.

RESULTS

The analysis comprised 123 females and 279 males (Table 1). On average women were older (62
+ 11 vs. 58 = 11; p< 0.01). Hypertension and diabetes were more frequent in women, with no
significant difference for BMI. There were more active smokers among men. Women had lower
disease prevalence (51% vs 68%, p < 0.01), which was defined as having at least one significant
stenosis. The severity and extent of obstructive CAD was significantly lower in women compared
to men (p: < 0.05), with fewer cases of multivessel disease (24% vs. 35%; p: <0.05), and more
non-obstructive lesions on CCA (26% vs. 17%, p: < 0.05). There was a nonsignificant trend
towards fewer absence of CAD on CCA in women (23% vs. 15%, p: 0.06). Furthermore, the cal-
cium score was lower in women (146 (0-373) vs. 207 (18-530); p: < 0.05). During the CT scan
women had a significantly higher heart rate than men: 61 =7 vs. 58 + 8; p <0.001). Additional
beta-blockers prior to CT scanning were administered in 73% (90/123) and 70% (196/279) (p: ns)
of female and male patients, decreasing the mean heart rate from 69 * 10 to 61 = 7 bpm and from
69 * 11 to 58 =+ 8, respectively.
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Table 1: Patient demographics (n=402)

Variable Women (N:123) Men (N:279) p
Age (years)* 62 =11 58 = 11 < 0.01
Calcium score (Agatston score)T 146 (0-373) 207 (18-530) < 0.05
Body mass index (kg/m?)* 26.7 £ 5.0 27.0 £3.6 ns
Heart rate (beats per minute)* 61 x7 58 £ 8 < 0.001
Prevalence ofobstructive coro- 63 (51%) 190 (68%) <001
nary artery disease

Atypical angina pectoris 47 (38%) 99 (35%)

Typical angina pectoris 48 (39%) 107 (38%)

Unstable angina pectoris 14 (11%) 36 (13%) ns
G myocadil infreson 141 37 (13%)

Hypertension f 78 (63%) 138 (49%) < 0.05
Hypercholesterolemia § 75 (61%) 161 (58%) ns
Diabetes mellitus # 23 (19%) 28 (10%) < 0.05
Active smoker 30 (24%) 99 (35%) < 0.05
Previous smoker 9 (7%) 20 (7%) ns
Body mass index = 30 kg/m? 34 (28%) 64 (23%) ns
Previous myocardial infarction. 15 (12%) 27 (10%) ns
Conventional coronary angiography

Absence of coronary disease 28 (23%) 42 (15%)

Non-significant discase 32 (26%) 47 (17%) < 0.05
Single-vessel disease 34 (28%) 91 (33%)

Multivessel disease 29 (24%) 99 (35%)

* Mean and standard deviation. T Median and quartiles. Values are n (%) unless otherwise indicated. Categorical variables were tested with Chi square
test. Continuous variables were tested with unpaired two sided student t test. If not normally distributed, continuous variables were compared with the
Mann-Whitney test. P values are significant if values < 0.05. F Blood pressure = 140/90 mm Hg or treatment for hypertension. § Total cholesterol >
180 mg/dl or treatment for hypercholesterolemia.

# ‘Treatment with oral anti-diabetic medication or insulin.

The estimated radiation exposure using prospective x-ray tube modulation for the calcium score
in women and men was 1.8 and 1.4 mSv and the estimated radiation exposure for the contrast-
enhanced scan without prospective x-ray tube modulation was calculated as 17.0 and 13.4 mSv

which is in line with previous reports'.

The diagnostic performance of CTCA for detecting significant stenoses on a patient-based analy-
sis is detailed in Table 2. All female (63/63) and 99% of male (188/190) patients with significant
CAD on CCA were correctly identified by CT (Figure 1,2). Fifteen women (25%, 15/60) and 9
men (10%, 9/89) with non-significant CAD were incorrectly classified as having significant coro-

nary stenoses by CT.



Figure 1: A maximum intensity projected (MIP) CTCA image (A) depicts the anatomy of the right
coronary artery (RCA). In the mid RCA a non-calcified obstructive coronary stenosis is visualized
with proximally and distally non-obstructive calcified plaques. Three curved multiplanar reconstructed
images (cMPR) confirm the significant lesions from three orthogonal projections (C, D, E), which was

confirmed by CCA (B).

In women specificity (75%
vs. 90%; p: < 0.05), positive
predictive value (81% vs.
95%; p: < 0.001), and over-
all accuracy (88% vs. 96%;
p: <0.01) were significantly
lower, compared to men.
Agreement between CTCA
and QCA on a per-patient
(no or any disease) level for
women and men was good
(k-value: 0.75) and very
good (k-value: 0.91).

The diagnostic performance
of CTCA for the detection of
significant coronary stenosis
on a vessel-based analysis is
detailed in Table 2. In the

female population 2 signifi-

can iseased ri coronary arteries, one left anterior descending coronary artery an ree
tly d d right ry art left ant d ding ry artery and th

diseased circumflex coronary arteries were incorrectly classified as non-significantly diseased. In

men, significant coronary stenosis in 2 right coronary arteries, 2 left anterior descending coronary

arteries and 4 circumflex coronary ar-
teries were missed. Significant left main
disease was identified in all cases. Fifty-
one and 125 non-obstructive vessels
were overestimated in female and male
patients and scored as false positives.
The diagnostic accuracy was equal in
women and men. Agreement between
CTCA and QCA on a per-vessel level
was both good for women and men (k-
value: 0.69; 0.74).

Figure 2: A volume-rendered CTCA image (A) reveals the
anatomy of the RCA. Two orthogonal cMPR images (B, C)
and a MIP image (D) disclose a normal coronary artery with-
out obstructive or non-obstructive plaques which was confirmed
by CCA (E). (A full color version of this illustration can be
Sfound in the color section).
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Table 2: Overall diagnostic performance of 64 slice Computed Tomography coronary angiography

Variable

Women n% (95% CI), n/n

Men n% (95% CI), n/n

Patients level

Sensitivity

Specificity

Positive predictive value
Negative predictive value
Diagnostic accuracy

+ Likelihood ratio

- Likelihood ratio

Vessel level

Sensitivity

Specificity

Positive predictive value
Negative predictive value
Diagnostic accuracy

+ Likelihood ratio

- Likelihood ratio

Segment level

Sensitivity

Specificity

Positive predictive value
Negative predictive value
Diagnostic accuracy

+ Likelihood ratio

- Likelihood ratio

100% (93-100) 63/63
75% (62-85) 45/60
81% (70-88) 63/78

100% (93-100) 45/45

88% (82-94) 108/123

4.00 (2.58-6.20)
0.00 (0-/)

94% (87-98) 93/99
87% (83-90) 342/393
65% (56-72) 93/144
98% (96-99) 342/348
88% (86-91) 435/492

7.24 (5.58-9.40)
0.07 (0.03-0.15)

82% (74-88) 111/136
94% (93-95) 1551/1648
53% (46-60) 111/208
98% (98-99) 1551/1576
93% (92-94) 1662/1784
13.87 (11.25-17.09)
0.20 (0.14-0.28)

99% (96-100) 188/190
90% (81-95) 80/89
95% (91-98) 188/197
98% (91-100) 80/82
96% (94-98) 268/279
9.78 (4.70-14.25)
0.01 (0.00-0.05)

97% (95-99) 307/315
84% (82-87) 676/801
71% (66-75) 307/432
99% (98-99) 676/684
88% (86-90) 983/1116
625 (5.31-7.34)
0.03 (0.02-0.06)

93% (91-96) 400/428
92% (91-93) 3249/3523
59% (56-63) 400/674
99% (99-99) 3249/3277
92% (92-93) 3523/3951
12.02 (10.70-13.50)
0.07 (0.05-0.10)

ns

< 0.05

< 0.001
ns

< 0.01

ns
ns
ns
ns

ns

Diagnostic performance and predictive value with corresponding likelihood ratios of 64-Slice CT coronary angiography for the detection of = 50% stenosis
on QCA in females and males. Chi square test was used for categorical variables. P values were significant if values < 0.05. Values in parentheses represent

95 ClIs.

After exclusion of anatomically absent segments (833) and segments distal to an occlusion (266),

5735 out of 6834 potentially available segments (with a maximum of 17 segments per patient)

could be included for comparison with QCA. No segments were excluded for reasons of calcifi-

cations or poor image quality. The overall sensitivity and specificity of CTCA for the detection of

significantly stenosed coronary segments was 91% and 93%. Sensitivity was lower in women (82%
vs. 93%; p: < 0.001). Also the specificity (94% vs 92%; p: < 0.05) and negative predictive value
(98% vs. 99%; p: <0.05) showed a small, but significant difference between men and women

(Table 2).



The performance of CTCA was similar between men and women in the proximal and middle
segments (Table 3). However, in the distal segments (56% vs. 85%; p: < 0.05) and side branches
more lesions were not detected in women (sensitivity 54% vs. 89%; p: < 0.001, negative predic-
tive value 97% vs. 99%; p: < 0.05). The specificity (96% vs. 93%; p: < 0.05) was slightly higher in
women. Inter- and intraobserver variability for detection of a significant stenosis per segment had
a k-value of 0.70 and 0.72, respectively. Agreement between CTCA and QCA on a per-segment
level was good both for women and men (k-value: 0.61; 0.68). To exclude the possible confound-
ing effect of nesting, random selection of a single segment per patient was done and the diagnostic
accuracy for detecting significant artery disease resulted in a sensitivity 92% (44/48; 95% CI, 79 to
97), specificity 93% (331/356/; 95% CI, 90 to 95), positive predictive value 64% (44/69; 95% CI, 51

to 75), negative predictive value 99% (331/335; 95% CI, 97-100).

Table 3: Diagnostic performance of 64 slice Computed Tomography coronary angiography depending on segment location

Women n% (95% CI), n/n Men n% (95% CI), n/n p
Analysis op proximal segments
Sensitivity 96% (84-99) 44/46 98% (93-99) 130/133 ns
Specificity 92% (89-94) 411/446 91% (87-92) 891/983 ns
Positive predictive value 56% (44-67) 44/79 59% (52-65) 130/228 ns
Negative predictive value 100% (98-100) 411/413 100% (99-100) 891/894 ns
Analysis op mid segments
Sensitivity 93% (81-98) 43/46 96% (90-98) 133/139 ns
Specificity 91% (87-94) 285/314 88% (86-91) 575/650 ns
Positive predictive value 60% (47-71) 43/72 64% (57-70) 133/208 ns
Negative predictive value 99% (97-100) 285/288 99% (98-100) 575/581 ns
Analysis op distal segments
Sensitivity 56% (31-79) 9/16 85% (74-93) 53/62 < 0.05
Specificity 97% (94-98) 364/376 96% (94-97) 754/786 ns
Positive predictive value 43% (23-66) 9/21 62% (51-72) 53/85 ns
Negative predictive value 98% (96-99) 364/371 99% (98-99) 754/763 ns
Analysis op side branches
Sensitivity 54% (34-72) 15/28 89% (81-95) 84/94 < 0.001
Specificity 96% (94-97) 491/512 93% (92-95) 1029/2104 < 0.05
Positive predictive value 42% (26-59) 15/36 53% (45-61) 84/59 ns
Negative predictive value 97% (96-99) 491/504 99% (98-100) 1029/1039 < 0.05

Chi square test was used for categorical variables. P values were significant if values

< 0.05. Values in parentheses represent 95 Cls.
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DISCUSSION

We demonstrated that the sensitivity of 64-slice CTCA to detect significant CAD was almost
equally high in women and men (100% vs. 99%) due to the very low occurrence of false-negative
outcomes. Therefore, the diagnostic accuracy of 64-slice CTCA to rule out the presence of sig-
nificant obstructive CAD was equally high in women and men and a negative CT-scan reliably
obviates the need for further downstream evaluation with invasive coronary angiography. The
lower prevalence of CAD in women, with a trend towards more non-significant CAD (p: 0.06)
likely contributed to the overestimation of coronary stenosis severity and resulted thus in lower
specificity (75% vs. 90%).

The segment based diagnostic accuracy of CTCA performed on a site-by-site analysis (segmental
analysis) compared to CCA revealed a more complex outcome. The sensitivity to detect a stenosis
was lower in women than in men. The overall reduced sensitivity was mainly caused by the lower
sensitivity of CTCA to detect coronary obstructions in distal coronary segments and side branch-
es. This may be partly explained by the combination of a milder stenosis severity and smaller
size of the coronary arteries in women than in men. However, this outcome does not affect the
reliability to rule out the presence of significant CAD in case of a negative CT-scan, because on
a segment based analysis the overwhelming majority of these segments have no significant CAD
and the calculation of the negative predictive value is almost not affected by the higher occurrence

of false negative outcomes.

The studied patients were not a prospective, consecutive group of patients. However, selection
was not based on particular patient demographics, but rather on the availability of the 64 slice CT

scanner for the examination of cardiac patients.

Fundamental limitations of cardiac CT include the use of radiation, potentially nephrotoxic con-
trast media and the need to use betablockers in patients with a fast heart rate. The substantial
radiation exposure of 64-slice CTCA for women (17 mSv) and men (13.4 mSv) as compared to
CCA (3-6 mSv) is of concern®. In this study prospective electrocardiographic X-ray tube modula-
tion, which can significantly reduce radiation exposure, was not applied. This technique limits the
possibility of reconstructing images in the end-systolic phase. In our study end-systolic data sets
provided better image quality in 34% of patients. Furthermore, the use of prospective electrocar-
diographic X-ray tube modulation requires a regular heart rhythm throughout the scan. In case
of an extra-systole the use of prospective electrocardiographic X-ray tube modulation can miss-
trigger the X-ray pulsing, limiting the possibility to edit valuable reconstruction window datasets

during high-dose scanning,.
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RELIABLE HIGH-SPEED CORONARY COMPUTED TOMOGRAPHY IN SYMPTOMATIC PATIENTS

ABSTRACT

Objectives
To prospectively evaluate the diagnostic performance of the high-speed Dual Source CT-scanner
(DSCT), with an increased temporal resolution (83 ms), for the detection of significant coronary

lesions (=50% lumen diameter reduction) in a clinically wide range of patients.

Background
Cardiac motion artefacts may decrease coronary image quality with use of earlier computed to-

mography scanners.

Methods

We prospectively studied 100 symptomatic patients (79 men, 21 female, mean age 6111 years)
with atypical (18%) or typical (55%) angina pectoris, or unstable coronary artery disease (27%)
scheduled for conventional coronary angiography. Mean scan time was 8.58+1.52 seconds. Mean
heart rate was 68+ 11 bpm. Quantitative coronary angiography (QCA) was used as the standard of

reference. Irrespective of image quality or vessel size, all segments were included for analysis.

Results

Invasive coronary angiography demonstrated no significant disease in 23%, single-vessel disease in
31%, and multi-vessel disease in 46% of patients. 1489 coronary segments, containing two hun-
dred-twenty significant (14.8%) stenoses, were available for analysis. Sensitivity, specificity, posi-
tive and negative predictive value of DSCT coronary angiography for the detection of significant
lesions on a segment-by-segment analysis were 95% (95% CI: 90-97), 95% (95% CI: 93-96), 75%
(95% CI: 69-80), 99% (95% CI: 98-99), respectively and on a patient based analysis: 99% (95% CI:
92-100), 87% (95% CI: 65-97), 96% (95% CI: 89-99) and 95% (95% CI: 74-100), respectively.

Conclusions
Non-invasive DSCT coronary angiography is highly sensitive to detect and to reliably rule out
the presence of a significant coronary stenosis in patients presenting with atypical or typical angina

pectoris, or unstable coronary artery disease.
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INTRODUCTION

For almost 50 years, invasive coronary angiography has been the standard of reference for diagnos-
ing coronary artery disease. However, non-invasive coronary imaging with computed tomography
(CT) has rapidly emerged and initial experience with 4-, 16- and 64 slice CT coronary angiogra-
phy has been reported (1-13). Despite technical advances in CT technology, a substantial number
of coronary segments remain unevaluable due to presence of motion artefacts and a limited im-
age resolution, which seriously hampered clinical implementation of CT coronary angiography
(4,14).

A newly introduced Dual Source CT (DSCT) system, with an improved temporal resolution of
83 ms independent of patient’s heart rate, allows for scanning of the coronaries without the use
of prescan B-blockers. The pitch is adapted to the heart rate and scan times are reduced at higher
heart rates. Shorter scan times allow for reduction of radiation exposure to the patient. We now
report the diagnostic performance of DSCT coronary angiography to detect or rule out significant
coronary stenoses in the clinically relevant coronary tree in 100 patients with a wide spectrum of

symptomatic coronary artery disease.

METHODS

Study Population

After an initial 3-week test period during which scan protocols were optimized, we subsequently
included during a 10-week period 111 symptomatic patients with atypical angina, typical angina
and unstable coronary artery disease (unstable angina or Non-ST-segment elevation myocar-
dial infarction) scheduled for conventional coronary angiography (CCA). All CT-examinations
were performed before CCA. Only patients in sinus heart rhythm without previous history of
percutaneous coronary intervention or bypass surgery were included. Excluded were 11 patients
with known allergy to Iodinated contrast material (n=1), impaired renal function (serum crea-
tinine>120 umol/l) (n=>5), persistent arrhythmias (n=3) or logistic inability to perform a CT
scan before CCA (n=2). Thus, the study population comprised 100 patients (79 male, 21 female,
mean age 61+10.9; range 28-87 years). The institutional review board approved the study and all

patients gave informed consent.

Patient Preparation

No oral or intravenous pre-scan 3-blockers were administered prior to the scan.
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Scan Protocol and Image Reconstruction

All patients were scanned using a DSCT (Somatom Definition, Siemens Medical Solutions,
Forcheim, Germany). The system combines two arrays each consisting of an X-ray tube plus
detector (64 slices) mounted on a single gantry with an angular offset of 90° and a gantry rotation
time of 330 ms. DSCT permits spiral CT scanning of the coronary arteries with an improved

temporal resolution of 83 ms using single-segment reconstruction (15).

In DSCT, radiation exposure has been reduced by the application of an additional cardiac bowtie
filter, a smaller FOV of the second detector and an increased pitch in higher heart rates. All pa-
tients underwent a non-enhanced CT scan for calcium scoring prior to DSCT coronary angiog-

raphy. All patients received Nitroglycerin (0.4 mg/dose) sublingually just before scanning.

Calcium scoring scan parameters were: a tube current of 84 mAs/rot (maximum) and full X-ray
tube current was given during 50-70% of the RR interval. A single dataset was reconstructed using
ECG-gating with a slice thickness of 3 mm and increment of 1.5 mm using a medium convolu-
tion kernel (B35f) during 60% of the RR interval.

DSCT angiographic scan parameters were: number of slices/rotation 32 x 2 with z-flying focal
spot for each detector, individual detector width 0.6mm, rotation time 330 ms, tube voltage 120
kV. Pitch values were adapted to heart rate after an estimation based on the last 10 heartbeats pre-
ceding the scan. Each tube provided 412 mAs/rot (maximum), and full X-ray tube current was
given during 25-70% of the RR-interval.

The volume of Iodinated contrast material (Ultravist® 370 mgl/ml, Schering AG, Germany) was
adapted to the scan time. A contrast bolus (60-90 ml) was injected in an antecubital vein at a flow
rate of 5.5 ml/s followed by a saline chaser of 40 ml at 5.5 ml/s. A bolus tracking technique was
applied to synchronize the arrival of contrast in the coronary arteries and the start of the scan.
All CT coronary angiography datasets were reconstructed with a slice thickness of 0.75 mm and
increment of 0.4 mm using medium-to-smooth convolution kernel (B26f), resulting in a spatial

resolution of 0.6-0.7 mm in-plane and 0.5 mm through-plane (15).

The reconstruction algorithm uses data from a single heart beat, obtained during a quarter X-ray
tube rotation by two separate X ray tubes, resulting in a temporal resolution of 83 ms. Images were
reconstructed following a stepwise pattern depending on patient’s heart rate during scanning. Ini-
tially, a single dataset was reconstructed during the mid-to-end diastolic phase (350 ms before the
next R-wave) in patients with low heart rates (<60 bpm), during both the mid-to-end diastolic
phase and end-systolic phase (275 after the next R-wave) in patients with intermediate heart rates
(60-80 bpm), and during the end-systolic phase in patients with high heart rates (>80 bpm). Im-

age quality was assessed on a per-segment level. In case of persistent coronary motion artefacts in



patients with low and high heart rates, additional datasets were reconstructed in end-systolic and
mid-to-end diastolic phase, respectively. If necessary, multiple datasets of a single patient were

used separately in order to obtain optimal image quality of all available coronary segments.

The effective dose for DSCT coronary angiography was estimated based on Monte Carlo calcula-
tions (ImPACT®, version 0.99x, St. George’s Hospital, Tooting, London, UK).

Quantitative Coronary Angiography (QCA)

One experienced cardiologist, unaware of the results of DSCT coronary angiography, identified
all available coronary segments using a 17-segment modified American Heart Association (AHA)
classification (16). All segments, irrespective of size, were included for comparison with DSCT

coronary angiography, except for segments distal to a total occlusion.

Segments were classified as normal (smooth parallel or tapering borders), as having non-signitfi-
cant disease (luminal irregularities or < 50% diameter stenosis), or as having significant stenoses
(= 50% diameter stenosis). Stenoses were evaluated in two orthogonal views, and classified as sig-
nificant if the mean lumen diameter reduction was = 50% using a validated quantitative coronary
angiography algorithm (CAAS®, Pie Medical, Maastricht, the Netherlands).

DSCT Image Evaluation

One experienced observer, unaware of the results of CCA, calculated total calcium scores as Agat-

ston scores, using validated software (Syngo MMWP VE20A®, Siemens, Forcheim Germany).

One observer evaluated image quality on a per segment level and classified as good image quality
(defined as absence or presence of any image-degrading artefacts related to motion, calcification,
or noise, but evaluations possible with good to moderate confidence), or poor (presence of image-
degrading artefacts and evaluation only possible with low confidence). Irrespective of image qual-
ity, all available coronary segments (including poor image quality) were included for comparison
of DSCT with CCA.

Two experienced observers, unaware of the results of CCA, scored all DSCT coronary angiog-
raphy datasets. Axial views and maximum intensity projections were used to identify coronary
lesions. In addition, (curved) multi-planar reconstructions were used to classify coronary lesions
into significantly diseased or not. Inter-observer disagreements were resolved by consensus in a

joint session.

Statistical analysis
The diagnostic performance of DSCT coronary angiography for the detection of significant le-

sions in coronary arteries with QCA as the standard of reference is presented as sensitivity, speci-
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ficity, positive predictive value and negative predictive value and positive and negative likelihood
ratios with the corresponding 95% confidence intervals (CI’s). Comparison between DSCT coro-
nary angiography and QCA was performed on three levels: segment-by-segment, vessel-by-vessel
(no or any significant stenosis per vessel) and patient-by-patient (no or any significant stenosis
per patient). An additional sensitivity analysis to detect significant stenoses was performed after
random selection of a single segment per patient to explore the effect of nesting. Inter- and intra-
observer variability for the detection of significant coronary artery stenosis was calculated using

k-statistics. To determine the intra-observer variability, one observer evaluated 30 (33%, 30/100)

CT datasets twice with a time interval of 3 weeks.

RESULTS

Patient demographics are shown in Table 1.

Table 1. Patient demographics (N=100)

The mean interval between conventional and Age yrs 61+11 (28-87)
DSCT coronary angiography was 4.0+4.8 Male % 79
days (range: 0-17). All scans were performed Female % 21
without the use of oral or intravenous B-
blockers. Clinical presentation

Atypical angina % 18
Mean scan range was 11,9+1,1 cm (range: Typical Angina % 55
9.3-13.8 cm). Mean CT acquisition time Unstable CAD % 27
was 8.6+ 1.5 seconds (range: 5.7-12.7). Pitch
varied between 0.20 and 0.53. Mean heart Risk factors
rate was 68+11 bpm (range: 44-107). The Hypertension % 58
overall radiation exposure for CT coronary Hypercholesterolemia % 55
angiography was estimated as 11.1-14.4 Smoker % 63
(male/female) mSv 71 (71%, 71/100) pa- Diabetic Mellitus % 19
tients had long-term B-blocker medication. Family history of CAD % 38
The estimated radiation exposure of DSCT Obese (body mass index = 30 kg/m?) % 65
coronary angiography was 13.5-16.9 (male/
female) mSv in low heart rates (mean 56 Invasive Coronary Angiography
bpm), 10.7-13.8 (male/female) mSv in mod- Absence of CAD % 16
erate heart rates (mean 68 bpm) and 8.3-9.6 Non- significant disease % 7
(male/female) mSv in high heart rates (mean Single-vessel discase % 3
81 bpm). In 5% (5/100) of patients with a Multi-vessel discase % 46

ventricular extra systole and in 3% (3/100)
of patients with a premature atrial complex,

ECG editing was successful.

Values in parentheses represent age range (yrs). N indicates number; CAD,
coronary artery disease; Unstable CAD, patients with unstable angina or

non ST-segment elevation myocardial infarction
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A single dataset for the assessment of significant stenoses was used in 81%, 2 datasets in 16% and 3

datasets in 3% of patients in order to obtain optimal image quality on a per-segment level.

Image quality was classified as good in 94% (1400/1489) and poor in 6% (89/1489) on a per-seg-
ment level. Reasons for poor image quality were breathing motion artefacts (33%, 29/89), cardiac
motion artefacts (14%, 12/89), severe calcifications (46%, 41/89), or low contrast-to-noise (8%,
7/89).

Diagnostic performance of DSCT coronary angiography
The diagnostic accuracy of DSCT to detect significant stenoses on a patient-, segment-, and ves-

sel-based analysis is detailed in Table 2. Typical examples are shown in Figures 1 and 2.

Patient-by-patient analysis

Sixteen patients with either an angiographically normal coronary angiogram (n=16) or with
non- significant disease (n=4) were correctly identified with DSCT. Three patients were incor-
rectly classified as having single-vessel disease. One patient with significant disease was incor-
rectly classified as having non-significant disease with DSCT. Agreement between DSCT coro-
nary angiography and QCA on a per-patient (no or any disease) level was good (k-value: 0.89).
Agreement between both techniques for classifying patients as having no, single- or multi-vessel

disease was very good (k-value: 0.85).

Vessel-by-vessel analysis

One significantly diseased left anterior descending artery and 2 significantly diseased right coro-
nary arteries were incorrectly classified as non-significantly diseased on the CT-scan. Sensitivity
for the detection of significantly diseased left anterior descending coronary arteries was 98%, for
the right coronary arteries 96%, and for the left main and circumflex coronary arteries 100%.
Agreement between CT coronary angiography and QCA on a per-vessel level was very good (k-
value: 0.85).

Segment-by-segment analysis

A total of 1489 segments that were visualised with invasive coronary angiography were analysed
with DSCT coronary angiography. There were 12 (5.5%, 12/220) segments, which were incor-
rectly classified as having non-significant stenosis by DSCT, of which 3 segments demonstrated
poor image quality due to cardiac motion artefacts in 2 segments (mean heart rates; 65 and 78
bpm) and due to severe calcifications in one segment. There were 69 (5.4%, 69/1269) segments,
which were incorrectly classified as having a significant stenosis by DSCT, of which 19 segments
demonstrated poor image quality due to severe calcifications in 16 segments, a cardiac motion
artefact in one segment (mean heart rate 68 bpm), a breathing artefact in one segment and low

contrast-to-noise in one segment.
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Figure 1. Volume rendered DSCT image (colored image) and corresponding conventional angiography image of the right coronary artery (RCA), left an-
terior descending artery (LAD), circumflex artery (CX) intermediate branch (IM), diagonal branches (D1, D2) in a 57-year-old man with stable angina
and an equivocal bicycle test. Mean heart rate during scanning was 78 bpm. A significant lesion was found in the midpart of the LAD (arrow) with detailed
color inlay, curved multiplanar reconstruction (bottom left) and maximum intensity projections (MIP) image (bottom right). The proximal part of the CX
showed an occlusion (arrowhead). (A full color version of this illustration can be found in the color section).

Agreement between CT coronary angiography and QCA on a per-segment level was very good
(k-value: 0.81).

The k-value of inter-and intra-observer variability for the detection of a significant stenosis per
segment was 0.83 and 0.85, respectively.
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Table 3 shows the diagnostic accuracy
of DSCT to detect significant coronary
stenoses in patients with low (17%27),
intermediate  (198%£96), and high
(927x727) Agatston calcium scores

based on per-segment based analysis.

Patients were divided into 3 groups
based on the mean heart rate during
DSCT. There was no significant dif-
ference in diagnostic accuracy on a
segment-based analysis between these
groups (Table 4).

In patients with low heart rates (mean

Figure 2. Conventional angiography image and corresponding volume rendered
DSCT image (colored image) in a 68-year old man presenting with unstable coronary 56.1 bpm), Optimal datasets recon-
artery disease. Mean heart rate during scanning was 66 bpm. The arrow indicates
a high-grade stenosis in the midpart of the right coronary artery. The arrowheads in

structed during the mid-to-end dia-

the curved multiplanar reconstruction image (bottom) indicate cross-sections proximal, stolic phase were selected in 94%
within and distal from the occlusion (arrowheads). (A full color version of this illustra- . .
tion can be found in the color section). (3 1/33) Ofpatlents and additional data-

sets during the end-systolic phase were
needed in 6% (2/33) of patients). In patients with intermediate heart rates (mean 67.9 bpm), opti-
mal datasets reconstructed during the mid-to-end diastolic phase were selected in 74% (25/34) of
patients and additional datasets in the end-systolic phase were needed in 26% (9/34) of patients).
In patients with high heart rates (mean 80.7 bpm), optimal datasets reconstructed during the end-
systolic phase were selected in 91% (30/33) of patients and additional datasets in the mid-to-end
diastolic phase were needed in 9% (3/33) of patients.

Table 5 demonstrates the diagnostic accuracy of DSCT to detect significant coronary stenoses in
patients with atypical and typical angina, and unstable coronary artery disease based on a segment

based analysis.

A sensitivity analysis was performed after random selection of a single segment per patient. The
sensitivity was calculated as 92% (12/13, 95% CI; 87 to 96), specificity was 94% (82/87, 95% CI; 90
to 99), positive predictive value was 71% (12/17, 95% CI; 62 to 80), and negative predictive value
was 99% (82/83, 95% CI; 97 to 100).
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Table 3. Influence of Agatston score on Diagnostic Accuracy of Dual Source CT Coronary Angiography (a segment-based analysis).
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N indicates number; TP, true positive; TN, true negative; FP, false positive; FN, false negative;k, kappa; PPV, positive predictive value; NPV, negative predictive value; ACC, accuracy; +LR, positive likelihood ratio;

-LR, negative likelihood ratio. Values in parentheses represent upper and lower bound for 95% confidence interval.

DISCUSSION

Earlier studies using 4- and 16-slice CT scanners reported mod-
erate to good diagnostic accuracy to detect significant lesions (1-
8,14), but the technique was seriously limited by the presence of
unevaluable segments which was on average 22% and 9% for the
4- and 16-slice CT, respectively (14). In a recent multi-center
study using 16-slice CT scanners the percentage of unevaluable

coronary segments was 29% (4).

The development of 64-slice CT scanners involved a signifi-
cant improvement in image quality and robustness of CT cor-
onary angiography, however, on average 5% and in one report
even 12% of segments were reported to be unevaluable and
diagnostic accuracy was reduced at higher heart rates
(9,10,17,18).

The introduction of Dual Source CT is another step forward.
This scanner is equipped with 2 X-ray tubes (dual source) there-
by significantly reducing the temporal resolution to 83 milli-
seconds independent of heart rate, using single segment recon-
struction. In non-DSCT systems, multi-segment algorithms are
used to improve temporal resolution. However, this approach
is very dependent on a regular heart rate. Minor variation in
the time interval between consecutive heart beats can result in
interpolation artifacts and image blurring. Furthermore, multi-
segment reconstruction algorithms require a lower pitch thus
longer scan times, more contrast material, and a higher radia-
tion exposure. Multi-segment approaches can also be applied in
DSCT, resulting in a mean temporal resolution of up to 40-60
ms at 0.33 s gantry rotation time. This approach is not recom-
mended for coronary angiography examinations, but may be

useful for advanced functional evaluation (15).

With the DSCT scanner, we were able to evaluate all coronary
segments irrespective of heart rate and image quality. Despite the
use of the high-speed DSCT scanner, poor image quality due to
cardiac motion artefacts was observed in 14% of the coronary

segments. However, the incidence of poor image quality oc-
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curred independent of heart rate and good image quality could also be obtained in high heart

rates.

We demonstrated that DSCT coronary angiography had a high diagnostic accuracy to detect sig-
nificant coronary lesions on a per-segment based level as compared to quantitative coronary an-
giography. We selected a = 50% diameter stenosis as the cut-off criterion for significant coronary
artery disease to allow comparison with the majority of previous published reports (19). A seg-
mental analysis is clinically useful in patients referred for coronary angiography to assess location
(proximal, mid, distal, RCA, LAD, CX) severity (luminal narrowing =50%) and extent (1,2 or
3-vessel disease) of coronary artery disease, which determines the value of CT scanning as an al-
ternative to invasive coronary angiography. The patient based diagnostic accuracy was high (96%)
and a negative DSCT-scan reliably ruled out the presence of a significant coronary stenosis in pa-
tients with atypical and typical angina, and unstable coronary artery disease (Table 5). These find-

ings indicate that DSCT-scanning is reliable as a gatekeeper of invasive coronary angiography.

In patients with a positive CT scan showing a severe (>70% diameter stenosis) lesion or a totally
occluded vessel, no further evaluation is necessary. However, a positive CT scan with an estimated
lesion severity of around 50% has limited value since it poorly discriminates functionally signifi-
cant lesions from the ones that are not hemodynamically important (20). In this situation an ad-
ditional functional imaging test such as myocardial perfusion scintigraphy or stress echocardiog-
raphy would be a logical step before referring the patient for an invasive angiogram and possible
revascularisation. In patients deemed necessary to undergo revascularisation direct referral to the
cathlab may be more logical with invasive assessment of the functional relevance of a lesion using
fractional flow reserve (FFR) and performance of percutaneous coronary intervention (PCI) in

the same session.

Lastly, new developments in CT coronary angiography are desirable for further improvement in
clinical performance. Increased gantry rotation speed can further improve temporal resolution
but structural modifications will be required to account for a substantial increase in mechanical
forces on the gantry. An alternative concept is the use of multiple (>2) X-ray sources and detec-
tors within a single gantry, thereby obviating the need for an increased gantry rotation speed to
improve temporal resolution. Further-improved spatial resolution of less than 0.6 mm can be
achieved by the use of smaller detector rows. However, an equal contrast-to-noise ratio requires
an exponential increase in X-ray power, which will result an excessive X-ray radiation exposure.

Thus, new detector technology is needed to further improve spatial resolution.

6
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LIMITATIONS

DSCT coronary angiography should not be performed in patients with significant renal dystunc-
tion or contrast intolerance. This further restricts the use of CT coronary angiography to selected
patients, which should be taken into account when the technique is going to be applied in general

clinical practise.

One advantage of DSCT is that patients with higher heart rates do not require premedication with
betablockers because necessary treatment with betablockers prior to CT-scanning hampers the
CT-throughput. The majority of patients (73%) in our study population already received long-
term beta-blocker treatment and therefore did not benefit from an increased workflow. However,
the use of DSCT in a low or intermediate risk patient groups with expected lower use of chronic

betablockers could be more efficient in terms of diagnostic throughput.

The rather high radiation exposure with CT coronary angiography is of concern. In our study
the overall effective dose for DSCT coronary angiography was estimated as 11.1-14.4 mSv (male/
female), which is lower than the reported effective dose in 64-slice CTA (15.2-21.4 mSv male/fe-
male) (21). The significant reduction of effective radiation dose (8.3-9.6 mSv male/female) in high
(>80 bpm) heart rates as compared to low (<60 bpm) heart rates (13.5-16.9 mSv male/female)
can mainly be ascribed to an increased pitch and therefore shorter scan times in patients with high
heart rates. However, compared to the effective dose in diagnostic coronary angiography (3-10
mSv) (22), the eftective dose in DSCT coronary angiography still remains relatively high.

In this initial experience with the DSCT scanner we selected a relatively wide pulsing window
(25% to 70% of the RR-interval), which allows for reconstruction of datasets during both the mid-
to-end diastolic phase and end-systolic phase to obtain optimal image quality. However there is a
delicate balance between the width of the pulsing window and radiation exposure to the patient.
Earlier technical feasibility studies demonstrated a significant reduction of the effective radiation
dose by using a smaller width of the pulsing window (15). Further clinical studies should establish
which pulsing window provides the optimal balance between radiation exposure and image qual-

ity, and the effect of a small pulsing window on diagnostic accuracy.

Persistent arrhythmias preclude accurate assessment with DSCT. For the purpose of this study, we
excluded patients with persistent arrhythmias, which was also an exclusion criteria in studies us-
ing 64-slice scanners. However, our results demonstrate that DSCT technology enables us to scan
patients with minor heart rate irregularities, such as a ventricular extra systole or a premature atrial
complex by automatically switching off ECG pulsing during irregular heartbeats. This enables the

operator to perform ECG-editing to correct for minor heart rate irregularities.
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Severe calcifications remain problematic. Calcifications obscure the underlying lumen and pre-
clude judgement of coronary lumen integrity resulting in overestimation of the severity of a coro-
nary stenosis. This explains the observation that in 84% (16/19) of segments, which were incor-
rectly classified as having a significant stenosis by DSCT, severe calcifications resulted in poor
image quality. In patients with high (mean 927+727) Agatston scores diagnostic accuracy was
lower (91%) as compared to patient with low (mean 17+27) Agatston scores (98%) (Table 4).

Our study was performed in a selected population consisting of symptomatic patients who were
referred for conventional coronary angiography. This was evidenced by the fact that our study
population had a high prevalence of coronary disease (77%, 77/100), and that fairly a large popula-
tion had multi-vessel disease (46%, 46/100). In this population DSCT coronary angiography per-
formed well to excellent, but it remains to be demonstrated that such a high diagnostic accuracy
will be achieved in a symptomatic patient population with a low to intermediate prevalence of

disease or in a non-chest pain population.

CONCLUSION

Our study was performed in a high-risk population with a wide range of symptoms who were re-
ferred for conventional coronary angiography. DSCT coronary angiography demonstrated a high
diagnostic accuracy for the detection or exclusion of significant stenoses in patients with various
heart rates without exclusion of unevaluable segments. These results indicate that the technique
may now be tested in a cohort with a low to intermediate pre-test probability of coronary artery
disease or in patients with non-anginal chest pain to establish the role of DSCT coronary angio-

graphy in the management of patients with suspected coronary artery disease.
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ANGINA PECTORIS DUE TO STEAL PHENOMENON CREATED BY A LEFT ANTERIOR DESCENDING-RIGHT VENTRICLE FISTULA

MANUSCRIPT:

A 54-year-old woman was admitted to our hospital because of angina pectoris. Four years be-
fore she had undergone orthotopic heart transplantation due to anthracyclin induced end-stage
heart failure. Physical examination discovered a soft continuous murmur at the apex of the heart.
Sixty-four slice CT coronary angiography was performed which showed an ancurysmatic part
(An) of the left anterior descending artery (LAD) and a hypoplastic distal segment (arrowpoint)
(A,B). Two curved multiplanar reconstructed CT images (C,D) displayed the LAD throughout its
course, ruling out significant lesions and ending in the RV where increased contrast enhancement
could be seen (arrow). Nuclear dobutamine-stress testing revealed apical ischemia. Conventional
coronary angiography confirmed the aneurysmatic part in the LAD with a hypoplastic distal seg-
ment (arrowpoint) and its outflow in the right ventricle (RV) (arrow) which was probably caused
by repeated myocardial biopsies taken into the RV. A pulmonary-to-systemic ratio shunt fraction
of 1.5:1 was calculated, showing its hemodynamic importance. The fistula was percutaneously

successfully sealed (F) using a covered stent revealing only a residual amount of contrast in the

course of the former fistula (thick arrow).
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HIGH, INTERMEDIATE OR LOW PRE-TEST PROBABILITY OF SIGNIFICANT CORONARY ARTERY DISEASE

ABSTRACT

Objectives
We assessed the usefulness of 64-slice CT coronary angiography (CTCA) to detect or rule out
coronary artery disease (CAD) in patients with various estimated pre-test probabilities of CAD.

Background
The pre-test probability of the presence of CAD may impact on the diagnostic performance of
CTCA.

Methods

64-slice CTCA (Siemens Sensation 64, Germany) was performed in 254 symptomatic patients.
Patients with heart rates =65 bpm received beta-blockers before CTCA. The pre-test probability
for significant CAD was estimated by type of chest discomfort, age, gender, traditional risk factors
and defined as high (=71%), intermediate (31-70%) and low (<30%). Significant CAD was de-
fined as the presence of at least one =50% coronary stenosis on quantitative coronary angiography

which was the standard of reference. No coronary segments were excluded from analysis.

Results

The estimated pre-test probability of CAD in the high (N:105), intermediate (N:83) and low
(N:66) group was 87%, 53% and 13%, respectively. The diagnostic performance of the CT scan
was different in the three subgroups. The estimated post-test probability of the presence of sig-
nificant CAD after a negative CT scan was 17%, 0%, and 0%, and after a positive CT scan 96%,
88% and 68%.

Conclusions

CTCA is useful in symptomatic patients with a low or intermediate estimated pre-test probability
of having significant CAD, and a negative CT-scan reliably rules out the presence of significant
CAD. CTCA does not provide additional relevant diagnostic information in symptomatic patients
with a high estimated pre-test probability of CAD.
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INTRODUCTION

The estimated pre-test probability of having significant coronary artery disease (CAD) in a study
population should be taken into account in the evaluation of the diagnostic accuracy of CT coro-
nary angiography (CTCA) to detect or rule out the presence of coronary stenosis. The estimated
pretest probability of having obstructive CAD in patients who present with chest pain is related
to age, gender, type of chest discomfort and traditional risk factors. The estimated pre-test prob-
ability is lowest in younger female patients with non-anginal chest pain and highest in older male

patients with typical angina (1).

The diagnostic performance of CTCA has mostly been tested in symptomatic patient popula-
tions with a high estimated pre-test probability of having significant CAD, and a few studies have
reported on the impact of different estimated pre-test probabilities on the performance of CTCA

2).

The purpose of this study was to evaluate the diagnostic performance and clinical usefulness of
64-slice CTCA in 254 patients with high, intermediate or low estimated pre-test probability of

having significant coronary stenosis.

METHODS

Study population

During a 24-month period 254 patients presenting with typical angina pectoris, atypical angina
pectoris and non-anginal chest pain who were referred for conventional coronary angiography
(CCA) were included into the study. Typical angina was defined as having three characteristics:
1) sub-sternal discomfort, 2) that is precipitated by physical exertion or emotion and 3) relieved
with rest or nitroglycerine within 10 minutes. Atypical angina pectoris was defined as having two
out of three of the definition characteristics. Non-anginal chest pain was characterized as one or
absence of the described chest pain features. The estimated pre-test probability for obstructive
CAD was estimated using the Duke Clinical Score, which includes type of chest discomfort, age,
gender, and traditional risk factors (3,4).Patients were categorized into a low (1-30%), intermedi-
ate (31-70%), or high (71-99%) estimated pre-test probability group of having significant CAD.
No patients with previous history of percutaneous coronary intervention, coronary artery bypass
surgery, prior myocardial infarction, impaired renal function (serum creatinine > 120 umol/l), per-
sistent arrhythmias or known allergy to Iodinated contrast material, were included. CCA was
performed before or after the CTCA and served as the standard of reference. The institutional
review board of the Erasmus MC Rotterdam approved the study and all subjects gave informed

consent.
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Patient preparation
Patients with a heart rate exceeding 65 bpm received additional beta-blockers (50/100mg Meto-

prolol) 1 hour before the CT examination.

Scan protocol

All scans were performed with a 64-slice CT scanner that features a gantry rotation time of 330
msec, a temporal resolution of 165 ms and a spatial resolution of 0.4 mm® (Sensation 64, Sie-
mens, Forchheim, Germany). A calcium scoring scan was performed with following parameters;
64- x 0.6 mm collimation, 330 ms rotation time, 120 kV tube voltage, 150 mAs tube current, 3.8
mmy/rotation table feed, prospective ECG X-ray tube modulation. Afterwards, the CTCA was
performed using identical parameters aside from a higher tube current between 850 and 960 mAs
and without the use of prospective ECG X-ray tube modulation. The radiation exposure was
estimated using dedicated software (ImPACT®, version 0.99x, St. George’s Hospital, Tooting,
London, UK).

A bolus of 95 ml of contrast material (400 mgl/mL; IomeronTM, Bracco, Milan, Italy) was in-
jected intravenously in an antecubital vein at 5 mL/s. and a bolus-tracking technique was used to

synchronize the arrival of contrast in the coronary arteries and the initiation of the scan.

Image reconstruction
Datasets were reconstructed immediately after the scan following a stepwise approach as previ-
ously described (5,6). If necessary, multiple datasets of a single patient were used separately in

order to obtain optimal image quality for all available coronary segments.

Quantitative coronary angiography (QCA)

All scans were carried out within one week before or after CCA. One experienced cardiologist,
unaware of the results of CTCA, identified and analyzed all coronary segments, using a 17-seg-
ment modified AHA classification. All segments, regardless of size, were included for comparison
with CTCA. Segments were classified as normal (smooth parallel or tapering borders), as having
non-significant disease (wall irregularities or <50% stenosis) or having significant disease (steno-
sis =50%). Stenoses were evaluated in the worst view, and classified as significant if the lumen
diameter reduction exceeded =50% measured by validated quantitative coronary angiography
(QCA) algorithm (CAAS, Pie Medical, Maastricht, the Netherlands).

CT image evaluation

One observer analyzed total calcium scores of all patients using dedicated software. Tivo expe-
rienced observers, a radiologist and a cardiologist, unaware of the results of CCA, evaluated the
CTCA data sets on an offline workstation (Leonardo, Siemens, Forchheim, Germany) using

(curved) multiplanar reconstruction. Segments were scored positive for significant CAD if there
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was = 50% diameter reduction of the lumen by visual assessment. Segments distally to a chronic

total occlusion were excluded. Inter-observer disagreements were resolved by a third reader.

Statistical analysis

The diagnostic performance of CTCA for the detection of significant coronary artery stenoses
as defined by QCA is presented as sensitivity, specificity, positive- and negative predictive values
with the corresponding 95% Cls, and positive and negative likelihood ratios (LR) were calculated.
Comparison between CTCA and QCA was performed on three levels: patient-by-patient, vessel-
by-vessel and segment-by-segment analysis. A Mantel-Haenszel test was performed to evaluate
the trend in sensitivity and specificity relative to the estimated pre-test probability for obstructive
CAD.

Categorical characteristics are expressed as numbers and percentages, and compared between the
3 groups using the chi square test. Continuous variables are expressed as means (standard devia-
tion) and compared with one-way analysis of variance followed by post hoc Bonferroni correction
to adjust for multiple comparisons. If not normally distributed, continuous variables are expressed
as medians (25th to 75th percentile range) and compared with Kruskal-Wallis test.

An additional analysis was done to investigate the effect of nesting since repeated assessments
within the same patient were made that were not independent observations. A random selection
of a single segment per patient was done and the diagnostic accuracy for detecting significant ar-
tery disease was calculated. Interobserver and intraobserver variability for the detection of signifi-
cant coronary stenosis and agreement between techniques to classify patients as having no, single-,
or multi-vessel disease was determined by k-statistics.

RESULTS

Patient demographics are shown in Table 1. Additional beta-blockers prior to CT scanning were
administered in 74 % (188/254) of patients decreasing the mean heart rate from 71 = 11 to 59 = 8
bpm. The mean scan time was 12.7 + 1.6 seconds. Initially all data-sets were reconstructed in the
mid- to end diastolic phase. In 34% of the cases (86/254) additional higher quality reconstructions

obtained during end-systole were used for evaluation.

The estimated radiation exposure using prospective x-ray tube modulation for the calcium score
in women and men was 1.8 and 1.4 mSv respectively. The estimated radiation exposure for the
contrast-enhanced scan without prospective x-ray tube modulation was 17.0 mSv in women and
13.4 mSv in men, which is in line with previous reports (7).
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HIGH, INTERMEDIATE OR LOW PRE-TEST PROBABILITY OF SIGNIFICANT CORONARY ARTERY DISEASE

Diagnostic performance of 64-slice
CT coronary angiography:

all patients with chest pain

The observed pre-test probability of sig-
nificant CAD, defined as having at least
one =50% coronary stenosis per patient
was 50%. The diagnostic performance of
CTCA for detecting significant stenoses
on a patient-level is detailed in Table 2.
Eighteen patients with angiographic
non-significant disease were incorrectly
classified as having significant CAD by
CT: 17 patients were scored as having
single-vessel disease and one patient was
misinterpreted as having multi-vessel

disease. Ninety-eight percent (124/126)

Figure 1. Volume-rendered CTCA image (A) of the right coronary artery. A . . .

curved MPR (B) and a thick MIP (C) disclose a significant coronary stenosis Ofpatlents with Slgnlﬁcant CAD on CCA
(arrow) in the mid right coronary artery which was corroborated by CCA (D). . : o
Proximally and distally of the significant obstructed lesion, non-significant calci- were COI’I’eCtlY identified by CTCA (Flg

fied plaques can be seen (C). (A _full color version of this illustration can be found ure 1) The two patients in whom the se-
in the color section).

verity of disease was underestimated both
showed significant lumen narrowing in
the circumflex coronary artery (both 53% diameter reduction, one in the proximal and one in
the mid segment). Forty patients with single-vessel disease were evaluated as having multi-vessel
disease by CTCA due to overestimation of disease severity in other vessels. Agreement between
CTCA and QCA on a per-patient (no or any disease) level was very good (k-value: 0.84), whereas
agreement between techniques to classify patients as having no, single-, and multi-vessel discase

was good (k-value: 0.61).

Diagnostic performance of 64-slice CT coronary angiography:

patient-by-patient analysis

The analysis comprised 105 (43%) patients with a high estimated pre-test probability for CAD,
83 (33%) patients with an intermediate, and 66 (26%) patients with a low estimated pre-test prob-
ability for CAD. The mean age between patients with high estimated probability and intermediate
estimated probability group was significantly different from the mean age in the low probability
group, and the median calcium score was significantly different in all 3 groups. The mean heart
rate was significantly lower in the high estimated probability group compared to the intermediate

and low estimated probability group (Table 1).
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Table 1. Patient demographics (n=254)

Pre-test probability of significant CAD

> 70% High 30-70% Intermediate < 30% Low p
(N: 105) (N: 83) (N: 66)
Typical angina 89 (85) 31 (37) 3(4)
Atypical angina 16 (15) 29 (35) 21 (32) < 0.0001
Non-anginal chest pain 0 (0) 23 (28) 42 (64)
Male 97 (92) 47 (57) 27 (41) < 0.0001
Age (yrs)* 639 618 50 = 12 < 0.0001
BMI (kg/m?)* 275+ 42 27.1 =438 26.7 £ 4.2 ns
Heart rate (bpm)* 578 60 =7 61 =7 < 0.01
Risk factors
Hypertension F 68 (65) 43 (52) 30 (45) < 0.05
Hypercholesterolemia§ 71 (68) 52 (63) 14 (21) < 0.0001
Diabetes mellitus [ ] 16 (15) 11 (13) 4 (6) ns
Current smoker 32 (30) 16 (19) 16 (24) ns
Previous smoker 14 (13) 6 (7) 4 (6) ns
Family history of CAD # 57 (54) 39 (47) 29 (44) ns
Obesity ** 32 (30) 21 (25) 13 (20) ns
Calcium score (Agatston score)t 354 (103- 134 (1-296) 0 (0-56) < 0.0001
814)
Conventional coronary angiography
Prevalence of obstructive CAD 82 (78) 32 (39) 12 (18) < 0.0001
Absence of CAD 6 (6) 21 (25) 36 (55)
Nonsignificant disease 17 (16) 30 (36) 18 (27)
Single-vessel disease 42 (40) 22 (27) 9 (14) < 0.0001
Multivessel disease 40 (38) 10 (12) 3(5)

* Mean and standard deviation.T Median and quartiles. Values are n (%) unless otherwise indicated. Categorical variables were tested with Chi square
test. Continuous variables were tested with one-way analysis of variance (ANOVA). If not normally distributed, continuous variables were compared with
Kruskal-Wallis test. P-values < 0.05 were considered statistically significant. F Blood pressure = 140/90 mm Hg or treatment for hypertension.§ Total
cholesterol > 180 mg/dl or treatment for hypercholesterolemia. [ | Treatment with oral anti-diabetic medication or insulin. # Family history of coronary
artery disease (CAD), having first- or second-degree relatives with premature CAD (age <55 years). ** Body mass index (BMI) = 30 kg/m?.

The diagnostic performance of CTCA was different in the patient groups with various estimated

pre-test probabilities. The specificity showed a trend with a lower specificity in the high estimated
pre-test probability (p: < 0.05, sensitivity, p: ns). The diagnostic impact of CTCA on the estimated

pre-test probability of having significant CAD is shown in Figure 2 and 3.
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High pre-test probability
for CAD

Intermediate pre-test
probability for CAD

Low pre-test probability
for CAD

Pre-test Probability
Est: 87%"
Obs: 78%?2

Pre-test Probability
Est: 53%!
Obs: 39%?2

Pre-test Probability
Est: 13%'
Obs: 18%2

CTCA
(N:105)

CTCA
(N:83)

CTCA
(N:66)

Positive Negative Positive Negative Positive Negative
(n=86) (n=19) (n=40) (n=43) (n=16) (n=50)
Post-test Post-test Post-test Post-test Post-test Post-test
Probability | | Probability Probability | | Probability Probability || Probability
Est: 96%° Est: 17% Est: 88%? Est: 0% Est: 68%? Est: 0%
Obs: 93%2 Obs: 1% Obs: 80%?2 Obs: 0%2 Obs: 75%2 Obs: 0%2

Figure 2. 1 Estimated using Duke Clinical Score (including Diamond-Forrester criteria and prog-
nostic clinical variables). 2 Based on conventional coronary angiography (=1 significant coronary
stenosis as determined by QCA). 3 Calculated using Bayesian statistics (post-test odds= pre-test odds

X likelihood ratio). Est: Estimated, Obs.: Observed.

Diagnostic performance
of 64-slice CT coronary
angiography:
vessel-by-vessel analysis
The diagnostic performance
of CTCA for the detection of
significant lesions on a ves-
sel-based analysis is detailed
in Table 2. Two significantly
diseased right coronary arter-
ies, 1 left anterior descending
artery and 5 diseased circum-
flex coronary arteries were
incorrectly classified as non-
significantly ~ diseased by
CTCA. Of a total of 1016

vessels, the severity of a le-

sion was overestimated in 97 non-obstructive vessels (false positives). The diagnostic performance

of the CT-scan was different in the three subgroups. The specificity showed a trend towards lower
specificity in the high estimated pre-test probability (p: < 0.0001, sensitivity, p: ns). Agreement
between CTCA and QCA on a per-vessel level was good (k-value: 0.71).

Diagnostic performance of 64-slice CT coronary angiography:

segment-by-segment analysis

Overall 3647 (out of 4318 potentially available segments) were included for comparison with

QCA. Unavailable segments in-
cluded 547 anatomically absent
segments on CCA and 124 seg-
ments distal to an occluded coro-
nary segment. Segments were
not excluded for reasons such as
severe calcifications or poor im-

age quality. The kappa-value for

Figure 3. Using the positive and negative likelihood
ratios obtained from Table 2, we calculated the esti-
mated post-test probabilities of CAD after positive
and negative findings on CT coronary angiogra-
phy from various estimated pre-test probabilities of
CAD.
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HIGH, INTERMEDIATE OR LOW PRE-TEST PROBABILITY OF SIGNIFICANT CORONARY ARTERY DISEASE

inter- and intraobserver variability was 0.70 and 0.72, respectively. The diagnostic performance
of CTCA for detecting significant stenoses is detailed in Table 2. Agreement between CTCA and
QCA on a per-segment level was good (k-value, 0.64).

The severity of 32 significant coronary stenoses was underestimated or missed and classified as
non-significant by CTCA. Most of these significant lesions (24/32) were located in distal segments
or in side branches. The severity of 193 non-significant lesions was overestimated by CTCA. The
diagnostic performance of the CT-scan was different in the three subgroups with a lower sensitiv-
ity (p: < 0.05) and a higher specificity (p: < 0.0001) in the low pre-test probability group.

Analysis on the randomly selected segments resulted in a sensitivity 92% (24/26; 95% CI, 73
to 99), specificity 93% (212/228; 95% CI, 89 to 96), positive predictive value 60% (16/40; 95%
CI, 43 to 75), negative predictive value 99% (212/214; 95% CI, 96-100). The effect of nesting is
probably minimal as the result of this analysis is very similar to the results shown in the per-

segment analysis (Table 2).

DISCUSSION

The diagnostic performance of 64-slice CTCA to detect or rule out the presence of significant
coronary stenosis has mainly been reported for patients with stable angina pectoris scheduled for
invasive CCA and these studies have shown that CTCA can reliably rule out significant CAD
(5,8-10). The majority of these patients presented with a high estimated pre-test probability of
having significant CAD and only scant information is available on the diagnostic performance
of 64-slice CTCA in patients with a low or intermediate estimated pre-test probability of having
significant CAD.

In this study, we used the Duke Clinical Score that incorporates clinical presentation of chest
pain, age, gender and traditional risk factors, to estimate the pre-test probability of having signifi-
cant CAD. Using the likelihood ratio’s of the tests, which were obtained in this study, post-test

probabilities were calculated.

The pre-test probability of CAD may impact of the diagnostic performance of the CT scan. In-
deed, the diagnostic performance of CTCA in the three groups was different. The specificity
was lower in the high pre-test probability group compared to the low pre-test probability group,
whereas sensitivity was lower in the per-segment analysis in the low pre-test probability group.
This observation can probably be explained by the higher calcium scores in the higher probability

groups, which tend to overestimate the severity of stenosis.
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A negative CT-scan was present in 75% of the patients with a low estimated pre-test probability
and in approximately 50% of the patients with an intermediate estimated pre-test probability. The
negative predictive value of CTCA to exclude significant CAD was excellent in these patients,
reducing the estimated post-test probability to zero. Thus, these patients would not need further
downstream diagnostic tests. They may be candidates for secondary prevention measures, such
as statin therapy in the presence of non-obstructive plaques or could be discharged from further

cardiac follow-up in the absence of any visible plaque.

A positive CT-scan occurred in approximately 25% and 50% of the patients with a low or inter-
mediate estimated pre-test probability, respectively. The number of false positive outcomes was
rather high in these patients which renders a positive CT scan rather unreliable for clinical deci-
sion making. In these patients it may be reasonable to proceed to invasive CCA in the case of left
main disease, 3 vessel disease and in the presence of a critical stenosis in the proximal part of a
major coronary artery. In case of vessel disease in distal vessels or side branches, equivocal lesions
or uninterpretable scans one may consider a non-invasive stress test to determine the functional
significance of a doubtful coronary stenosis. A negative functional test may overrule the clinical
significance of a (false) positive CT-scan and reduce the need for invasive coronary angiography. A
positive functional test may further increase the probability of having significant CAD and should
be followed by invasive coronary angiography and coronary revascularisation if symptoms are not
alleviated by the anti-anginal mediation. However, further studies are necessary to evaluate the
diagnostic value of the combination of functional data from a stress test with the anatomical data
provided by CTCA.

In the high estimated pre-test probability group a negative CTCA reduced the estimated post-
test probability to 17%, whereas a positive CTCA increased the estimated post-test probability to
as high as 96%. Given the high estimated pre-test probability of significant CAD in this group,
the majority of these symptomatic patients are likely to proceed to invasive CCA even if CTCA
is negative, since the post-test probability of significant CAD was still greater than 10%. CTCA
therefore appears to be of limited clinical value in the evaluation of the high estimated pre-test
probability group. Assessment for the presence of myocardial ischemia with a functional test may

be more appropriate in this situation.

LIMITATIONS OF THE STUDY

The studied patients were not a prospective, consecutive group of patients. However, selection
was not based on particular patient demographics, but rather on the availability of the 64 slice CT
scanner for the examination of cardiac patients. The rather high estimated radiation exposure of
64-slice CTCA (17-13.4 mSv) as compared to CCA (3-6 mSv) is concerning (7). In this study

7 | 127



HIGH, INTERMEDIATE OR LOW PRE-TEST PROBABILITY OF SIGNIFICANT CORONARY ARTERY DISEASE

we did not use prospective ECG X-ray tube modulation which can significantly reduce radiation

exposure, but requires a regular heart rhythm and limits the possibility of reconstructing images

in the end-systolic phase. In our study end-systolic data sets provided optimal image quality in
34% of patients

Currently, there is no validated software available able to quantify the degree of stenoses. So far,

the

less

severity of coronary stenosis as assessed by CT is rather crudely visually estimated as more or

than 50% luminal diameter stenosis.
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NON-ST ELEVATION ACUTE CORONARY SYNDROME

ABSTRACT

Objectives
We studied the diagnostic performance of 64-slice CT coronary angiography in patients with non-

ST elevation acute coronary syndrome.

Background
A high diagnostic accuracy of 64-slice CT coronary angiography in selected patients with stable
angina pectoris has been reported, but only scant information is available in patients with non-ST

elevation acute coronary syndrome.

Methods

64-slice CT coronary angiography was performed in 104 patients (mean age 59 =+ 9 years) with
non ST elevation acute coronary syndrome. Tiwo independent, blinded observers assessed all coro-
nary arteries for stenosis, using conventional quantitative angiography as a reference. Coronary

lesions with =50 percent luminal narrowing were classified as significant.

Results

Conventional coronary angiography demonstrated the absence of significant disease in 15%
(16/104), and the presence of single-vessel disease in 40% (42/104), and multivessel disease in
44% (46/104) of patients. Sensitivity for detecting significant coronary stenoses on a patient-by-
patients analysis was 100% (88/88; 95% CI, 95-100), specificity 75% (12/16; 95% CI, 47-92) and
positive and negative predictive values were 96% (88/92; 95% CI, 89-99) and 100% (12/12; 95%
CI, 70-100).

Conclusion
64-slice CT coronary angiography has a high sensitivity to detect significant coronary stenoses and
is reliable to exclude the presence of significant coronary artery disease in patients who present

with a non-ST elevation acute coronary syndrome.
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INTRODUCTION

Patients with a non-ST elevation acute coronary syndrome (ACS) are usually stratified into high
and low risk for progression to myocardial infarction or death based on clinical presentation,
ECG changes, biomarkers, electrical or hemodynamical instability, and presence of diabetis mel-
litus (1). An invasive management strategy including conventional coronary angiography (CCA)
and revascularization is recommended in high-risk patients while a conservative strategy with
ischemia-guided revascularization is recommended in low risk patients (1-3). We investigated the
feasibility and diagnostic accuracy of 64-slice CT coronary angiography (CTCA) in 104 patients
with non-ST elevation ACS as a first step to evaluate the potential decision-making role of CT in

this patient cohort.

METHODS

Study population

Over a 12-month period we included 104 patients presenting with unstable angina pectoris or
non-ST-segment elevation myocardial infarction. They were stratified as either high or low risk
group according to current European guidelines on the basis of baseline characteristics, troponin
rise, or ECG changes (1). High risk patients and low risk patients with a positive or inconclusive
exercise ECG test or high suspicion for obstructive CAD underwent both CTCA and CCA.
Furthermore, patients presenting with a ST-segment elevation myocardial infarction were not
included, but immediately referred for direct percutaneous coronary intervention (PCI). No pa-
tients with previous history of PCI or coronary artery bypass surgery (CABG), impaired renal
function (serum creatinine>120 umol/l), known intolerance to Iodinated contrast material, and
atrial fibrillation were included. All patients underwent CCA which was the standard of reference.
The institutional review board of Erasmus MC Rotterdam approved the study and all subjects

gave informed consent.

Patient preparation
Patients with a heart rate exceeding 65 bpm before the examination received additional beta-

blockers (50/100mg Metoprolol) and all were given thorough breath hold instructions.

Scan protocol

All scans were made with a 64-slice CT scanner which has a gantry rotation time of 330 msec,
a temporal resolution of 165 msec, and a spatial resolution of 0.4 mm?® (Sensation 64, Siemens,
Forchheim, Germany). First a calcium scan was performed using standardized scan parameters;
64- X 0.6 mm collimation, 330 ms rotation time, 3.8 mm/rotation table feed, 120 kV tube voltage,
150 mAs tube current and prospective X-ray tube modulation. Then, the CTCA was completed
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which had similar parameters unless a higher tube current of 900 mAs and without X-ray tube
modulation. The radiation exposure for CTCA using this scan-protocol was calculated as 15.2-
21.4 (male/female) mSv using dedicated software (WinDose®, Institute of Medical Physics, Er-
langen, Germany). The radiation exposure of calcium scoring using a comparable scan-protocol
(including prospective X-ray tube modulation) on a 16-slice scanner was calculated as 1.3-1.7
(male/female) mSv (4).

A bolus of 80-100 ml of contrast material (400 mgl/mL; lomeronTM, Bracco, Milan, Italy) was
injected intravenously in an antecubital vein at a flow rate of 5 mL/s. A bolus-tracking technique
was used to synchronize the arrival of contrast in the coronary arteries, and the scan was started
once the contrast attenuation in a pre-selected region of interest in the ascending aorta had reached
a predefined threshold of +100 Hounsfield Units.

Image reconstruction

Images were obtained during a half x-ray tube rotation, resulting in an effective temporal reso-
lution of 165 msec. Data sets were reconstructed immediately after the scan. To obtain optimal
image quality, datasets were reconstructed in the mid-to-end diastolic phase using retrospective
ECG gating with an absolute reverse or percentage technique as previously described by Mollet
(5). In case of impaired image quality due to motions artifacts or breathing artifacts additional

reconstructions were made in the end-systolic phase.

Quantitative coronary angiography (QCA)

All CT scans were carried out within 1 to 2 days of the performance of the CCA. One experienced
cardiologist, unaware of the results of CTCA, identified and analyzed all coronary segments, us-
ing a 17-segment modified AHA classification (6).

All segments, regardless of size, were included for comparison with CTCA. Segments were classi-
fied as normal (smooth parallel or tapering borders), as having non-significant disease (wall irreg-
ularities or <50% stenosis) or having significant disease (stenosis =50%). Stenoses were evaluated
in the worst view, and classified as significant if the reduction in lumen diameter exceeded 50 %
measured by validated quantitative coronary angiographic (QCA) algorithm (CAAS, Pie Medical,
Maastricht, the Netherlands).

CT image evaluation

One observer analyzed total calcium scores of all patients with dedicated software, expressing
results as an Agatston score (7). Two experienced observers, a radiologist and a cardiologist, all un-
aware of the results of CCA, evaluated the CTCA data sets on an offline workstation (Leonardo,
Siemens, Forchheim, Germany). The axial slices were initially evaluated for the presence of sig-

nificant segmental disease and additionally multiplanar and curved multiplanar reconstructed

8



images were used. Segments located distally to a chronic total occlusion were excluded, because of

poor distal filling by collaterals. Inter-observer disagreements were resolved by a third reader.

Statistical analysis

The diagnostic performance of CTCA for detecting significant stenoses in the coronary arteries
using QCA as the standard of reference is presented as sensitivity, specificity, positive predic-
tive value and negative predictive values with the corresponding 95% Cls. Positive (Sensitivity/
[1-Specificity]) and negative ([1-Sensitivity]/Specificity) likelihood ratios are given. The likeli-
hood ratio incorporates both the sensitivity and specificity of a test and provides a direct estimate
of how much a test result will change the odds of having a disease. Post-test odds can be calculated
by multiplying the pre-test odds by the likelihood ratios. Comparison between CTCA and QCA
was performed on three levels of analysis: patient-by-patient, vessel-by-vessel and segment-by-
segment. To investigate the effect of nesting an additional sensitivity analysis was done; repeated
assessments (segment by segment and vessel by vessel) within the same patient were made that
were not independent observations. Interobserver and intraobserver variability for the detection
of significant coronary stenosis and agreement between techniques to classify patients as having

no, single-, or multi-vessel disease was determined by k-statistics.

RESULTS

Patient demographics are shown in Table 1. Eighty-six (89/104) percent of patients received oral
beta blockers as treatment for their ACS. Additional beta-blockers were administered in 63%
(65/104) of patients and the mean heart rate dropped within 60 minutes from 66 * 9 to 60 = 8
bpm in these patients. The mean scan time was 12.3 + 1.2 seconds. As a first step all datasets were
reconstructed in the mid-to-end diastolic phase. In 34% of the cases (35/104) additional higher

quality end-systolic reconstructions were used.

Diagnostic performance of 64-slice CT coronary angiography:

patient-by-patient analysis

The prevalence of significant coronary artery disease (CAD), defined as having at least one
= 50% stenosis per patient was 85%. The diagnostic performance of CTCA for detecting signifi-
cant stenoses on a patient-based analysis is detailed in Table 2. The diagnostic accuracy of patients

in the low and high risk group was similar.

Twelve patients with either an angiographically normal CCA (4) or with non-significant disease
(8) were correctly identified with CT. However, two patients with only wall irregularities on the
CCA were incorrectly classified as having single-vessel disease on the CT scan and two patients

as having multi-vessel disease. All 88 patients with significant CAD on CCA were correctly iden-

8
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Table 1. Patient demographics (N=104)

Low risk High risk
N 33 71
Age (yrs) § 58 = 7 (38-75) 59 + 10 (30-84)
Males 23 (70) 52 (73)
Calcium score, mean* 473.9 + 738.2 440.0 = 513.6
BMI, mean t 258 +3.6 265+ 3.7
Recurrent ischemia F - 49 (71)
Early post infarct unstable angina - 9(13)
Elevated troponin levels - 55 (78)
Diabetes Mellitus - 9 (13)
Normal ECG 21 (64) -
ECG with negative or flat T-waves 12 (36) -
Positive exercise ECG test 23 (70) -
Inconclusive exercise ECG test 309
Highly suspicious for obstructive CAD 7 (21)
Traditional risk factors
Hypertension 17 (52) 37 (52)
Hypercholesterolemia 22 (67) 40 (56)
Diabetes mellitus 0(0) 9 (13)
Smoker 14 (42) 35 (49)
Ex-smoker 2 (6) 2(3)
Family history of CAD 24 (73) 32 (45)
Obese T 8 (24) 15 (21)
Previous myocardial infarction 1(3) 17 (24)
Conventional angiography
Absence of coronary disease 2 (6) 2(3)
Nonsignificant disease 39 9 (13)
Single-vessel discase 15 (45) 27 (38)
Two-vessel disease 10 (30) 26 (37)
Three-vessel disease 39 7 (10)

According to ESC guidelines: Two groups were stratified into a high and a low risk group
which give a risk estimate for progression to myocardial infarction or death.

§ Ranges age

* Agatston score

T Body mass index = 30 kg/m?

F Recurrent ischemia defined as either recurrent chest pain or dynamic ST-segment changes
(in particular ST-segment depression, or transient ST-segment elevation)

Values are n (%) unless otherwise indicated
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Figure 1. This patient with prior history of a mitral valve
plasty for endocarditis was admitted with a non-ST seg-
ment elevation myocardial infarction. A volume-rendered
CTCA image (A) reveals the anatomy of the right coro-
nary artery. Two curved multiplanar reconstructed images
(¢MPR) (C, D) disclose a significant stenosis (arrow) in
the proximal right coronary artery which was corroborated
by CCA (B). (A full color version of this illustration can
be found in the color section).

tified on the CT-scan (Figure 1,2).
However, in 23 patients with single-
vessel disease on CCA, CTCA over-
estimated the severity of additional
lesions which resulted in incorrect
classification as having multi-vessel
disease on CTCA. Twenty-seven
patients in the low risk group under-
went PCI, one CABG and five were
treated medically. In the high risk
group 55 received PCI, five CABG
and eleven were treated medically. Agreement between CTCA and QCA on a per-patient (no or

any disease) level was very good (k-value: 0.84), whereas agreement between techniques to clas-

sify patients as having no, single-, and multi-vessel disease was moderate (k-value: 0.55).

Diagnostic performance of 64-slice CT coronary angiography:

vessel-by-vessel analysis

The diagnostic performance of CTCA for the detection of significant lesions on a vessel-based
analysis is detailed in Table 2. Two significantly diseased right coronary arteries and one diseased
circumflex coronary artery were incorrectly classified as non-significantly diseased on the CT-
scan. Of a total of 416 vessels, 59 non-obstructive vessels were overestimated and scored as false

positives. Agreement between CTCA and QCA on a per-vessel level was good (k-value: 0.70).

Diagnostic performance of 64-slice CT coronary angiography:
segment-by-segment analysis

A total of 1525 segments were included for comparison with QCA. Potentially, 17 segments per
patient can be present for analysis. A total of 243 segments were not visualized on the CCA.
Hundred-eighty-one segments were excluded due to variations in coronary anatomy and 62 seg-
ments due to the presence of a proximal occlusion and poorly filled distal segments by collaterals.
All segments were included despite the presence of calcifications or poor image quality. Interob-
server and intraobserver variability for detection of a significant stenosis per segment had a k-value
of 0.69 and 0.73, respectively. The diagnostic performance of CTCA for detecting significant

8
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Figure 2. A maximum intensity projected CTCA im-
age shows a large non-calcified plaque in the proximal
segment of the right coronary artery (A). Two cMPR (C,
D) disclose the high grade stenosis which is confirmed by
CCA (B).

stenoses is detailed in Table 2. Agree-
ment between CTCA and QCA on
a per-segment level was good (k-
value, 0.68).

Fifteen significant coronary stenoses
were underestimated or missed and
classified as non-significant. Most
of these significant lesions (11/15)
were located in distal segments or
in side branches. Hundred-twenty-

three non-significant lesions were

detected with CTCA but the severity of these stenoses was overestimated. This overestimation, in
67% (83/123) due to heavy calcification, resulted in incorrect classification as significant stenoses
on the CT-scan. Patients were divided into tertiles based on the mean calcium score. The pres-
ence of calcium decreased the diagnostic accuracy (low calcium score: 0.95, mid: 0.89, high: 0.88)
(Table 3).

To exclude the possible confounding effect of nesting random selection of a single segment per
patient was done and the diagnostic accuracy for detecting significant coronary artery disease re-
sulted in a sensitivity 93% (13/14; 95% CI, 64 to 100), specificity 93 % (84/90; 95% CI, 93 to 97),
positive predictive value 68% (13/19; 95% CI, 43 to 86), negative predictive value 99% (84/85; 95%
CI, 93 to 100).

DISCUSSION

Several recent reports about the diagnostic performance of 64-slice CTCA have shown a high
sensitivity and negative predictive value to detect or exclude the presence of significant coronary
stenosis in patients scheduled for CCA (5, 8-14). However, only scant information is available
about the diagnostic performance of CTCA in a limited number of patients with acute coronary
syndromes (5, 8, 15, 16).
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Table 3. Influence of Coronary Calcifications on Diagnostic Accuracy of 64-slice CT Coronary Angiography on a Segment-based Analysis
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TP indicates true positive; TN, true negative; FP, false positive; FN, false negative; PPV positive predictive value; NPV, negative predictive value; +LR, positive likelihood ratio; -LR, negative likelihood ratio; Values in

parentheses represent 95% CI's.

In our study the prevalence of obstructive CAD was 85% which
was in keeping with previous reports evaluating acute coronary
syndromes angina syndromes (2, 3, 17-19). In this high pre-test
risk population we demonstrated a high diagnostic accuracy in pa-
tients with non-ST elevation ACS.In segments where interpreta-
tion was difficult due heavy calcification there was a tendency for
observers to score these as positive for significant stenosis in order
to reduce the chance of missing an important lesion. This “defen-
sive scoring” approach is also likely to be used in clinical practice
when evaluating symptomatic patients. The high negative predic-
tive value of the CT-scan despite significant coronary calcification
and high prevalence of CAD demonstrates that significant CAD

can be ruled out in this patients group.

Patients with non-segment elevation ACS classified as high risk
on the basis of baseline characteristics, troponin or ECG changes
are best managed with an invasive strategy (1-3). These patients
should generally have a CCA followed by revascularisation, if ap-
propriate in the first few days after admission to hospital. The role
of CTCA in these patients is not just the detection of significant
disease but the detailed delineation of coronary anatomy may be
useful to guide subsequent management. In this study, the agree-
ment between CTCA and QCA in the classification of patients as
having no, single or multivessel disease was moderate. This is due
to the relatively high number of false positive segments scored due
predominantly to calcification. In 41 out of the 104 patients, at least
1 vessel was overestimated as having a significant stenosis. Given
this current limitation, CTCA may need to evolve further before
it can more accurately guide future management, in particular
either percutaneous or surgical revascularisation in these high risk
patients. At the moment, even though the results are promising, a
clinical role of CTCA in these high risk patients is not defined.

Currently CTCA may be more suited in the low risk non-segment-
elevation ACS group. These patients, without recurrent chest pain
or evidence of myocardial necrosis are recommended to undergo a
stress test after an observation period. CCA is only recommended
in these patients if significant ischemia is demonstrated during

stress testing (1). However, stress testing, particularly treadmill or



bicycle stress testing may be inconclusive. The role of CTCA may be to replace the stress test as
the first investigation in this population group. Given the excellent negative predictive value as
demonstrated in this study, a negative CTCA would allow patients to be discharged and other non
cardiac causes of the presenting chest pain to be considered. Patients with non obstructive CAD
on CTCA would be continued to be managed medically, including appropriate secondary preven-

tion and the need for future stress testing or CCA would depend on further symptoms.

Patients with significant disease on CTCA in this patient group could be referred directly for
CCA, particularly if there was left main disease, 3 vessel or proximal segment disease of a main
coronary artery. Patients with small vessel disease (i.e. distal disease < 2mm), equivocal lesions
or uninterpretable scans could undergo a stress test to further guide the need for CCA. However,
the use of sequential testing is controversial as no data is available showing better test results than

a stress test alone.

LIMITATIONS OF THE STUDY

We did not include patients with severe ongoing ischemia, or hemodynamic or electrical instabil-
ity, to prevent further delays of revascularization treatment. Furthermore, inclusion comprised a
non-consecutive group of patients. Due to logistic reasons it was not feasible to scan and include
every patient presenting with a non-ST elevation ACS. Moreover, patients in the low risk group
with a negative exercise ECG test were not included, since these patients did not receive a CCA.
Heart rate reduction with beta-blockers is standard practise in patients presenting with a non-ST
elevation ACS. Additional beta-blockers were given to reduce the heart rate even more to achieve
optimal heart rate control. With the next generation dual-source CT scanners scanning at higher

heart rates will be possible due to the improved temporal resolution of 83 ms (20, 21).

The rather high radiation exposure of CTCA as compared to CCA is of concern (22, 23). The
radiation exposure can be reduced by 40% with use of prospective X-ray tube current modula-
tion. However, this limits the possibility to reconstruct valuable datasets during the end-systolic

phase.

The presence of atrial fibrillation precludes the use of CTCA and was one of the exclusion crite-

ria.
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CONCLUSIONS

64-slice CT angiography has a high sensitivity to detect significant coronary stenoses and is reli-

able to exclude the presence of significant coronary artery disease in patients who present with a

non-ST elevation acute coronary syndrome. The role of CT coronary angiography in these pa-

tients, particular in the lower risk group, needs to be further evaluated.
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COMPREHENSIVE ASSESSMENT OF CORONARY ARTERY STENOSES

ABSTRACT

Objectives
We sought to determine the diagnostic accuracy of non-invasive visual (CTCA) and quantitative
CT coronary angiography (QCT) to predict the hemodynamic significance of a coronary stenosis,

using intracoronary fractional flow reserve (FFR) as the reference standard.

Background
It has been demonstrated that CTCA provides excellent diagnostic sensitivity for identifying coro-

nary stenoses, but may lack accurate delineation of the hemodynamic significance.

Methods

We investigated 79 patients with stable angina pectoris who underwent both 64 slice - or dual
source CTCA and FFR measurement of discrete coronary stenoses. CTCA and CCA, and QCT
and QCA, were performed to determine the severity of a stenosis which was compared with FFR
measurements. A significant anatomical or functional stenosis was defined as = 50% diameter

stenosis or FFR < 0.75. Stented segments and bypass grafts were not included in the analysis.

Results

A total of 89 stenoses were evaluated of which 18% (16/89) had an FFR < 0.75. The diagnostic ac-
curacy of CTCA, QCT, CCA and QCA to detect a hemodynamic significant coronary lesion was
49%, 71%, 61% and 67%, respectively. Correlation between QCT and QCA with FFR measure-
ment was weak (R-value of respectively -0.32 and -0.30). Correlation between QCT and QCA
was significant, but only moderate (R = 0.53; p< 0.0001).

Conclusions

The anatomical assessment of the hemodynamic significance of coronary stenoses determined
either by visual CTCA, CCA or quantitative QCT or QCA does not correlate well with the
functional assessment of FFR. Determining the hemodynamic significance of an angiographic

intermediate stenosis remains relevant before referral for revascularization treatment.
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INTRODUCTION

Currently available 64 slice cardiac CT scanners and recently introduced dual-source scanners
have the ability to completely assess the entire coronary tree and have been demonstrated to have
good diagnostic accuracy for the identification of anatomically important coronary artery disease
(CAD), generally defined as coronary artery stenoses with a lumen diameter reduction of at least
50 % (1-11). However, the anatomical significant appearance of a coronary stenosis does not al-
ways equate with functional significance and this is particularly so for intermediate type coronary
lesions (12-16). According to the guidelines (ESC, ACC/AHA), the decision to perform angio-
plasty or bypass surgery should integrate anatomical information with a test that provides objec-

tive proof of ischemia (17,18).

Only few reports have studied the relationship between the significance of a stenosis in a coronary
vessel as defined by CTCA, and the functional importance of this stenosis in that particular coro-
nary vessel territory (19-22). This study evaluates the relationship between anatomy and func-
tional significance of a coronary stenosis in patients who both underwent CTCA and CCA using

the lesion-specific intracoronary fractional flow reserve (FFR) measurement.

METHODS

Study population

We retrospectively analyzed all patients who in the period between July 2004 and March 2007
underwent both a cardiac CT scan and invasive CCA and a subsequent measurement of the FFR.
The decision to measure FFR was based entirely on the appearance of a coronary narrowing on
CCA and was performed at the interventional cardiologist’s discretion. All patients were assessed
by cither a 64-slice CT scanner (period July 2004 to March 2006) or dual-source CT scanner
(period April 2006 to March 2007). Contra-indications for a CT scan included impaired renal
function (creatinin clearance < 60 ml/min as defined with the Cockroft formula), irregular heart
rhythm and known contrast allergy. Patients with previous percutaneous coronary intervention
(PCI) using stents or coronary artery bypass surgery (CABG) were excluded from further analy-
sis. Due to the hemodynamic interaction between 2 or more stenoses in series (23,24), we only in-
cluded patients in whom FFR of a single discrete lesion had been performed. In total 89 segments
in 79 patients were included in the study. Sixteen segments were excluded due to CTCA related

artefacts and one because of inability to obtain a good angiographic view to perform QCA.
For this retrospective analysis, all patients gave their informed consent to undergo CTCA as part

of research protocols approved by the institutional review board. FFR was carried out as part of

routine clinical management.
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Conventional coronary angiography

All patients underwent CCA through the femoral approach, using a 6 or 7 french guiding cath-
eter. After intracoronary injection of 2 mg isosorbide dinitrate, an angiogram of the right and left
coronary artery was performed in multiple projections using standard techniques. All angiograms
were analyzed off-line by 2 cardiologists who were not involved in the patient’s medical care.
They independently analyzed the selected coronary artery stenosis where FFR had been informed
using visual estimation and quantitative assessment, the latter using an automated edge contour
detection system (Cardiovascular Angiographic Analysis System, Pie Medical Equipment, Maas-
tricht, the Netherlands)(25). Qualitative and quantitative analysis was based on the angiographic
projection showing the most severe narrowing. A coronary stenosis was defined as significant
based on visual inspection or when the degree of stenosis as measured with quantitative coronary
angiography (QCA) was = 50%.

FFR measurement

FFR was measured with a sensor-tipped 0.014 inch guide wire (Pressure WireTM , Radi Medical
Systems, Uppsala, Sweden). After positioning of the pressure sensor just distal to the stenosis,
maximal myocardial hyperemia was induced by a continuous intravenous infusion of adenosine
in a femoral vein at an infusion rate of 140 ug/kg body-weight per minute for minimum of 2
minutes. During maximum hyperemia, FFR was calculated as the ratio of mean distal pressure
measured by the pressure wire divided by the mean proximal pressure measured by the guiding
catheter (26). A coronary stenosis with an FFR value < 0.75 was considered functionally signifi-
cant (27-29).

CT coronary angiography

Patient preparation

Patients scanned with the 64-slice scanner who had a heart rate exceeding 65 bpm received addi-
tional oral and/or IV beta-blockers (metoprolol) before the CT-scan in order to obtain a heart rate
below 65 bpm. Patients scanned with dual-source CT did not receive pre-medication irrespective
of the heart rate.

Scan protocol

Thirty-eight patients were scanned with a 64-slice CT scanner (Sensation 64, Siemens, Forch-
heim, Germany). Angiographic scan parameters were: 32 x 2 x 0.6 mm collimation with z-flying
focal spot, 330 ms rotation time, temporal resolution 165ms, 120 kV tube voltage, 900 mAs tube
current, 3.8 mm/rotation table feed. Prospective x-ray tube modulation was not applied.

Forty patients were scanned using a dual-source CT scanner (Somatom Definition, Siemens,
Forcheim, Germany). DSCT angiographic scan parameters were: 120 kV, 330 ms rotation time,
temporal resolution 83ms and 32x 2X 0.6 mm collimation with z-flying focal spot for both detec-

tors. Pitch values were adapted to heart rate based on the average of the last 10 heartbeats preced-
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ing the scan. Each tube provided 412 mAs/rot. Prospective tube modulation was applied with full
dose radiation only given during 25-70% of the RR-interval.

With the 64-slice scanner a bolus of 100 ml of contrast material (400 mgl/mL; IomeronTM,
Bracco, Milan, Italy) was injected intravenously in an antecubital vein at 5 ml/s. With dual- source
CT the volume of iodinated contrast material (Ultravist® 370 mgl/ml, Schering AG, Germany)
was adapted to the scan time, which varied between 5 and 13 seconds. A bolus of contrast material
(60-90 ml) was injected in an antecubital vein at a flow rate of 5 ml/s followed by a saline chaser of
40 ml at 5 ml/s. In both scanners a bolus-tracking technique was used to synchronize the arrival of
contrast in the coronary arteries and the scan was started once the contrast material in the ascend-
ing aorta reached a predefined threshold of +100 Hounsfield units.

Image reconstruction
Images were reconstructed with ECG gating to obtain near motion-free image quality. Optimal

data sets were reconstructed in the mid- to end-diastolic phase and in the end systolic phase.

Qualitative evaluation of the CT coronary angiogram

Two experienced observers unaware of the results of CCA evaluated the CTCA data sets on an
offline workstation (Leonardo, Siemens, Forchheim, Germany). Initially the specific lesion was
evaluated with axial slices for the presence of significant disease and additionally (curved) multi-

planar reformatted reconstructions were used.

Quantitative evaluation of the CT coronary angiogram

Two experienced observers performed the quantification manually. After positioning the planes
orthogonal to the course of the coronaries cross-sectional images were obtained in the most severe
narrowing and in the proximal and distal reference site. In these three images the minimal lumen
diameter was measured. The reference diameter was calculated by averaging the proximal and
distal minimal lumen diameters. The percent diameter stenosis was calculated by subtracting the
reference diameter by the minimal lumen diameter which was divided by the reference diameter.
The average of both measurements by the two observers was reported. A 50 percent diameter

stenosis measured with QCT was described as significant.

Statistical analysis

The diagnostic performance of qualitative and quantitative CCA and CTCA for the detection of
significant stenoses in the coronary arteries with FFR as the standard of reference is presented as
sensitivity, specificity and diagnostic accuracy (true positives + true negatives / true positives +
true negatives + false positives + false negatives), with the corresponding 95% Cls. The relation
between anatomical (QCA and QCT) and functional parameters (FFR) were analyzed with cor-

relation statistics. Pearson correlation-coefficient was used since QCA, QCT and FFR were nor-

9

147



COMPREHENSIVE ASSESSMENT OF CORONARY ARTERY STENOSES

148

mally distributed. Bland-Altman analysis was performed by plotting the diftference of QCA and
QCT versus QCA (30). Interobserver variability for the detection of significant coronary stenosis
and agreement between techniques to classify segments as having a functional significant lesion
was determined by k-statistics.

RESULTS

Patient’s characteristics and angiographic data are shown in Table 1. A total of 17 segments were
excluded due to the presence of heavy calcifications (11 segments), motion artifacts (2 segments),
breathing artifacts (2 segments), low contrast opacification (1 segment) and absence of a good
angiographic view to perform QCA (1). Average heart rate during CT data acquisition was 60 +
9 bpm for 64-slice CT and 68 =11 bpm for DSCT.

Table 1. Patient and lesion characteristics. Overall, 89 discrete stenoses in 79
Patients (n=79) patients were included for compari-
Segments, n 89 son with FFR. Seventy-one percent
Sex (male, female) 64/15 (63/89) of these stenoses were of
Mean age, y 60 = 9 anglographic intermediate sever-
Body Mass Index, mean (kg/m?) 26.6 = 3.9 ity (between 40 and 70% diameter
Prior myocardial infarction 10 stenosis as determined by QCA),
Angiographic data twenty-nine stenoses were less than
Affected artery 40% and 1 stenosis was measured as
Left main coronary artery 5 more than 70%. Of these 89 coro-
Left anterior descending coronary artery 41 nary stenoses, 35 had a diameter
Circumflex coronary artery 19 stenosis of more than 50% by QCA,
Right coronary artery 24 but only 16 lesions were hemody-
Reference diameter (mm) 2.82 £ 0.67 namically significant (FFR < 0.75).
Percent diameter stenosis (%) 44 =11 Patient management is shown in
Minimal luminal diameter (mm) 1.57 £ 0.50 Table 2.

Diagnostic performance of CT coronary angiography and conventional coronary an-

giography versus fractional flow reserve: visual assessment

The diagnostic performance of CTCA and CCA for the assessment of a functionally important
coronary stenosis (FFR < 0.75) is detailed in Table 3 and Figure 1. Agreement between visual
CT and FFR assessment was present in 49% (44/89) of the evaluated segments: 15 of the 16 he-
modynamically significant stenoses were identified correctly. One functionally important lesion

in the mid left anterior descending coronary artery was underestimated and classified as non-
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signiﬁcant by CTCA (44% diameter stenosis Table 2. Patient management

by QCA) (Figure 2). Overestimation of hemo- Therapeutic decision

dynamic severity occurred in 44 cases (Figure Medical therapy, n 57
3). Corresponding sensitivity and SpeCiﬁCitY Percutaneous coronary intervention, n 29
were respectively 94% and 40%. Interobserver Coronary artery bypass grafting, n 3
variability for detection of a functionally im- Revascularized segments

portant coronary stenosis was good (k-value FFR < 0.75,n 16
of 0.76). Agreement between CTCA and FFR 0.75 < FFR < 0.80, n 11
was poor (kappa value of 0.16). FFR > 0.80, IVUS obstructive plaque, n 5

By comparison, visual lesion assessment by CCA showed an agreement with FFR in 61% (54/89)

of the segments. Visual scoring identified 10 of the 16 functionally important lesions and 44 of the

73 functionally insignificant lesions. Six functionally important lesions were underestimated (Fig-

ure 2). In 29 lesions the hemodynamic severity was overestimated (Figure 3). Consequently, the

sensitivity was 63% and the specificity 60% for CCA to detect a functionally significant lesion. In-

terobserver variability for the
detection of a functionally im-
portant coronary stenosis was
moderate (k-value of 0.61).
Agreement between CCA and
FFR was poor (kappa value of
0.15). Furthermore, the diag-
nostic performance of CTCA
and CCA for the assessment
of a functionally important
coronary stenosis, defined as
a FFR < 0.80, is detailed in
Table 3 and Figure 1.

Diagnostic  performance
of quantitative CT coro-
nary angiography (QCT)
and quantitative coronary

angiography (QCA) versus

Figure 1. Quantitative coronary angiography (QCA), Quantitative CT coronary angiography
(QCT), conventional coronary angiography and CT coronary angiography are plotted versus frac-
tional flow reserve (FFR). There was a weak, but significant negative correlation between QCA
and FFR (r: -0.30) and between QCT and FFR (r: -0.32). Coronary arteries smaller than 3.5
mm are depicted as solid dots, coronary arteries larger than 3.5 mm as open circles. (A full color ver-
sion of this illustration can be found in the color section).

fractional flow reserve: quantitative assessment

The diagnostic accuracy of QCT and QCA for detecting functionally relevant coronary stenoses is

described in Table 3 and Figure 1. Overall the diagnostic accuracy for both quantitative measures

was slightly better than when performed with visual estimation.
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Table 3. Diagnostic performance of CCA and CTCA to detect a functional significant coronary stenosis (FFR < 0.75, FFR < 0.80).

FFR <0,75 (N=16) TP TN FP FN kappa Sensitivity, Specificity, Diagnostic
% % accuracy, %

CT coronary angiography, 15 29 44 1 0.16 94 (82-100) 40 (29-51) 49 (39-60)

visual score

Quantitative CT coronary 8 55 18 8 0.20 50 (26-75) 75 (65-85) 71 (61-80)

angiography

Conventional coronary 10 44 29 6 0.15 63 (39-86) 60 (49-72) 61 (51-71)

angiography, visual score

Quantitative coronary angiography | 11 49 24 5 0.25 69 (46-91) 67 (56-78) 67 (58-77)

FFR <0,80 (N=31) TP TN FP FN kappa Sensitivity, Specificity, Diagnostic
% % accuracy, %

CT coronary angiography, 29 28 30 2 0.35 94 (58-100) 48 (35-61) 64 (54-74)

visual score

Quantitative CT coronary 14 46 12 17 0.25 45 (28-63) 79 (69-90) 67 (58-77)

angiography

Conventional coronary 17 36 22 14 0.16 55 (37-72) 62 (50-75) 60 (49-70)

angiography, visual score

Quantitative coronary angiography | 17 41 18 13 0.25 57 (39-74) 69 (58-81) 65 (55-75)
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Figure 2. Patient showing a coro-
nary artery stenosis (arrow) in the
left anterior descending coronary
artery, as visualized with CT coro-
nary angiography (CTCA) (panel
A, volume-rendered image; panels
B and C, two orthogonal curved
multiplanar  reconstructions) and
conventional coronary angiography
(CCA) (panel D). By visual as-
sessment, the coronary lesion was
estimated as less than 50% diam-
eter stenosis, both by CTCA and
CCA. By quantitative analysis,
the diameter stenosis was measured
as 44% by quantitative coronary
angiography and 40% by quantita-
tive CT coronary angiography. The
Sractional flow reserve was 0.71.
Based on the functional assessment,
the patient underwent a successful
percutaneous coronary intervention
for this anatomically intermediate
stenosis. (A full color version of this
illustration can be found in the color
section,).
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Figure 3. Patient with a coro-
nary artery stenosis (arrow) in
the proximal part of the right
coronary artery, as visualized
with CT coronary angiography
(panel A,  volume-rendered
image; panels B and C, two
orthogonal curved multiplanar
reconstructions) and conven-
tional  coronary angiography
(CCA) (panel D). Visually,
the diameter stenosis was esti-
mated as more than 50%, both
by CTCA and CCA. Also
after quantification (56% di-
ameter stenosis by quantitative
coronary angiography, 70% di-
ameter stenosis by quantitative
CT coronary angiography), the
lesion appeared to be anatomi-
cally significant. The fractional

Sflow reserve was 0.78. In the

distal segments, a step artefact
can be seen (panels A and C,

arrowhead).
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Figure 4. In the left panel quantitative C'T coronary angiography is plotted versus quantitative coronary angiography. A significant correlation is seen
between both anatomical techniques (r: 0.53). In the right panel Bland-Altman analysis showed a bias of +2% with 95% limit of agreement ranging from

-21% to 25%.
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Agreement between QCA and FFR as well as between QCT and FFR (Table 3) was only fair
(kappa value of respectively 0.25 and 0.20). The interobserver variability for QCA (k-value of
0.58) and QCT (k-value of 0.69) was moderate. The correlation between QCT and FFR was R=
-0.32 and between QCA and FFR R= -0.30.

Correlation of the percent diameter stenosis as determined by QCT and QCA was significant,
but only moderate (R = 0.53; p< 0.0001) (Figure 4). The Bland-Altman analysis plot revealed
important variability: the mean difference between QCA and QCT was +2% with 95% limits of
agreement ranging between — 21% to + 25% (Figure 4).

DISCUSSION

FFR is a lesion specific technique to determine the functional importance of a coronary stenosis
and is correlated with non-invasive tests that demonstrate ischemia (27,31-34). It has been shown
to be a useful guide for decision making regarding the revascularisation of a specific lesion. In le-
sions where the FFR is = .75, revascularization can be safely deferred (35-37).

Limitations of anatomical imaging. Previous reports have demonstrated that the anatomical
assessment of a coronary stenosis as determined by CCA correlates poorly with the hemodynamic
significance of the stenosis in particular in intermediate severity lesions (12-16). Although QCA
is accurate and reproducible, it does not reflect the hemodynamic impairment of coronary flow.
QCA does not account for the effects of factors such as collateral circulation, mass of viable myo-
cardium, shape and length of stenosis, inflow and outflow configuration and transient vasocon-
striction with resulting dynamic changes in the diameter of a stenosis (38). The diffuseness of the
atherosclerotic process often results in disease in the reference segments proximal and distal to the
site of maximal diameter reduction and as a result leads to underestimation of extent and severity

of coronary atherosclerosis (39).

Integrating anatomy with functional information. These findings were also demonstrated
in this study, not only for CTCA, but also when assessing the severity of a coronary artery stenosis
with CCA. Using visual assessment, CTCA had high sensitivity to detect lesions with functional
significance (FFR < 0.75). However, it had poor specificity due to frequent false positives; CTCA
overestimated the functional severity of a coronary stenosis, even when excluding segments with
extensive calcifications or coronary motion. Quantification of stenosis severity by QCT and QCA

improved the prediction of a functional relevant coronary stenosis slightly.

Previous studies have compared the anatomical findings of CTCA with functional imaging using

nuclear stress testing (19,20,22). These studies also showed a poor correlation between anatomy

9



and function with only ~ 50% of patients with significant coronary stenosis as demonstrated by
CTCA having ischemia demonstrated by nuclear stress testing. Besides methodological limita-
tions, these noninvasive tests measure the effect of impaired coronary perfusion at the level of the
myocardium and thus do not discriminate between epicardial flow impairment and microvascular
perfusion abnormalities. Intracoronary measurement of the FFR has the disadvantage of being
invasive, but has the benefit of determining the ischemic potential of a specific epicardial coronary

stenosis.

Clinical implementation. Given the above findings, and the consistently high negative predic-
tive value of CTCA in different population groups, CTCA appears best suited as an effective rule
out test for significant CAD. Those patients with suspected CAD and no or minimal coronary
atherosclerosis on CTCA would not need further investigation (40,41). However patients with
obstructive CAD on CTCA may best be investigated using a combined approach with a subse-
quent functional test such as nuclear stress testing, stress echocardiography or magnetic resonance

perfusion imaging.

Anatomical evaluation of CAD has limitations and makes functional assessment necessary. Com-
prehensive non invasive anatomical and functional imaging may best identify patients who are
likely to benefit most from secondary preventive measures and medical therapy (coronary athero-
sclerosis without ischemia) or who may be candidates for coronary revascularization (coronary
atherosclerosis with ischemia). All-in-one approaches such as SPECT-CTCA or PET-CTCA,
which provide integrated evaluation of anatomy and physiology in a non-invasive way, might

theoretically solve these diagnostic problems.

Now that we are able to non-invasively access coronary anatomy one should be remindful of the
limitations of non-invasive functional tests, especially in patients with multivessel disease or sig-
nificant left main stenosis on CTCA, without evidence of ischemia of a non-invasive functional
test (42,43). In case of doubt it seems prudent to refer such a patient to the cathlab for further in-
vasive assessment and definitive exclusion of the functional severity of a specific epicardial steno-

sis, using FFR.

LIMITATIONS OF THE STUDY

Patient inclusion was not performed in a prospectively designed study, but as a retrospective analy-
sis. Consecutive patients were enrolled based on the access to the 64-slice or dual-source CT

scanner.
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Seventeen segments in 15 patients had to be excluded due to the presence of heavy calcifications,
motion artifacts, breathing artifacts, low contrast opacification and absence of a good angiographic
view which made it, both visually as well as quantitatively, impossible to reliably estimate stenoses

severity.

Quantification of coronary artery stenoses with CTCA continues to be a challenge due to the
difficulty in ascertaining the normal reference segment of the coronary artery because of athero-
sclerotic involvement of the vessel wall proximal and distal to the stenosis (2,3,44). Especially in
the presence of extensive calcifications of the artery it becomes impossible to accurately define
the reference vessel diameters. Further improvement in spatial resolution will enhance the ability
to accurately grade stenosis severity. However, particularly in coronary stenoses of intermediate
severity, this may not improve the ability to predict functional significance, as is also observed with
invasive CCA.

CONCLUSION

The correlation between stenosis severity as determined by CTCA or CCA and ischemia mea-
sured by FFR in coronary lesions of intermediate severity is poor. Functional information, wheth-
er provided by FFR or a noninvasive stress test, is essential in these circumstances for appropriate

clinical decision making.
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VALUE OF COMBINED USE OF CALCIUM SCORE AND 64-SLICE CTCA IN SYMPTOMATIC PATIENTS REFERRED FOR CONVENTIONAL CORONARY ANGIOGRAPHY

ABSTRACT

Objectives:

A low calcium score (CS) may overlook patients with significant coronary artery disease (CAD),
while a high CS may decrease the diagnostic performance of 64-slice CT coronary angiography
(CTCA). CTCA uses contrast medium and more radiation than CS.

Methods:

We studied the combination of CS and CTCA in the work-up of angina patients referred for con-
ventional coronary angiography (CCA) in 360 patients between 50 and 70 years old with stable
and unstable angina from a multicenter multivendor study clinically referred for CCA.

Results:

The prevalence of significant CAD was 24% in patients with CS <10, and 87% in those with CS
> 400. In the 62 patients with CS <10, CTCA detected all 15 patients with significant CAD.
Specificity and positive likelihood ratio were 89% (95%CI: 76-96%) and 9.4 (95%CI: 4.1-22),
respectively, for patients with CS <10, and 20% (95%CI: 32-68%) and 1,3 (95%CI: 1.0-1.6), re-
spectively, for those with CS >400.

Conclusions:

A negative CTCA ruled out significant CAD whereas a low CS did not. However, in angina pa-
tients with CS >400 the value of 64-slice CTCA was limited. In angina patients with CS <400
CS should be combined with CTCA, whereas angina patients with CS >400 should be referred
to CCA directly.
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INTRODUCTION:

CT coronary angiography (CTCA) has been postulated as a gatekeeper to conventional coronary
angiography (CCA) [1]. In addition, the coronary calcium score (CS) has been suggested as a
risk-estimate of significant CAD [2]. CS may stratify patients according to the risk of significant
coronary artery disease (CAD), but cannot actually detect a coronary artery stenosis. CTCA can
detect or rule out coronary artery stenosis. However, CTCA is associated with additional health

risks compared to CS due to the use of iodine contrast and a higher radiation dose [1;3].

Therefore, it is necessary to determine the combination of CS and CTCA which in patients
referred for CCA results in a work-up with optimal diagnostic performance but minimal health
risk. For this aim, several important issues need to be addressed. The prevalence of CAD increases
with CS [4]. Previous studies suggested that a low CS reliably rules out significant CAD in as-
ymptomatic individuals [4-6]. However, in a recent study in patients with acute and non-acute
chest pain syndromes with a CS of 0 or <10 a prevalence of significant CAD on CCA of 7%
and 9%, respectively, was found [7]. Also, in a recent study 16% of patients who were clinically
referred to positron emission tomography (PET) and had no coronary calcification had evidence
of myocardial ischemia on PET [8]. Thus, CTCA may be able to detect patients with significant
CAD who would be overlooked if only the CS would be considered. At the other end of the spec-
trum, blooming artifacts caused by coronary calcification resulting in over-estimation of lesion
severity may result in false positive findings [9;10]. As the prevalence of CAD and false positive
findings increase with CS, a high CS may decrease the additional diagnostic value of CTCA. Pre-
vious studies on the influence of CS on the diagnostic performance of CTCA have provided con-
tradictory evidence. While some have reported a high number of false positive findings in patients
with a high CS [9;10], others have reported no significant or only a limited impact of coronary
calcification on the diagnostic accuracy of CTCA [11;12]. The present study was undertaken to
study the value of the combination of CS and CTCA.

METHODS

Study design

The study was designed to prospectively include symptomatic patients who presented with stable
and unstable anginal syndromes who were referred for clinically indicated CCA (manuscript ac-
cepted for publication). Patients were requested to undergo an additional CTCA for research
purposes besides their CCA. The study protocol was approved by the institutional review board
of the Erasmus University Medical Center.
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Study population

As described previously, for this multi-center multi-vendor study conducted from October 2004
until June 2006 360 patients between 50 and 70 years of age with stable angina pectoris or non-ST
segment elevation acute coronary syndrome underwent a non-enhanced CT scan to determine
the CS followed by a CTCA scan in addition to CCA. No patients, vessels or segments were ex-
cluded from the analysis, even if image quality was poor due to extensive calcification, coronary
motion or breathing artifacts. No patients with previous history of percutancous transluminal
coronary angioplasty, coronary artery bypass surgery, impaired renal function (serum creatinine
>120 umol/l), persistent arrhythmias, inability to perform a breath hold of 15 seconds or known
allergy to iodinated contrast material, were included. The study was conducted in three university
hospitals.

Patient preparation

Patients with a heart rate exceeding 65 beats per minute (bpm) received additional beta-blockers
(up to 100 mg metoprolol p.o. or up to 20 mg metoprolol i.v.). All patients received thorough
breath hold instructions

Scan protocol, Image reconstruction, and evaluation

All scans were performed with 64-slice CT scanners in Center A (Sensation 64, Siemens, Forch-
heim, Germany), Center B (Brilliance 64, Philips Medical Systems, Best, the Netherlands) and
Center C (Toshiba Multi-Slice Aquilion 64 system, Toshiba Medical Systems, Tokyo, Japan). The
scan protocol has been described in more detail elsewhere (manuscript accepted for publication).
In brief, a non-enhanced scan to calculate the total CS was performed prior to CTCA. For CS
tube settings were 120 kV and 150 mAs. For CTCA, the scanners had a collimation of 64 X 0.5-
0.67 mm, a rotation time of 330-420 ms, tube settings were 120 kV and 700-950 mAs, and a spatial
resolution of 0.6 mm?. A bolus-tracking technique was used to synchronize the start of image ac-
quisition with the arrival of contrast agent in the coronary arteries. A bolus of 80 to 140 ml iodine

contrast was used.

Multiple datasets were reconstructed separately with retrospective ECG-gating in order to obtain
optimal image quality for all coronary segments. The Agatston CS was calculated using dedi-
cated software (Heartbeat-CS, Extended Brilliance Workspace, Philips Medical System, Best, the
Netherlands) [13].

CTCA scans were evaluated by 2 experienced readers, blinded for the CCA results. In case of dis-
agreement, a third reader was consulted. The kappa-value for inter- and intraobserver variability
was 0.70 and 0.72, respectively.
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Quantitative coronary angiography (QCA)
All coronary angiograms were evaluated by a core lab of experienced cardiologists, who were
unaware of the results of the CTCA. Stenoses were evaluated in the worst view, and classified as

significant if the lumen diameter reduction exceeded 50% as measured by QCA.

Statistical analysis

Descriptive statistics were used to evaluate the diagnostic performance of CS and CTCA to detect
patients with significant CAD, including sensitivity, specificity, positive and negative predictive
values, and positive and negative likelihood ratios. These diagnostic parameters were expressed
with a 95% confidence interval (CI) calculated with binomial expansion. The diagnostic perfor-
mance of CTCA was calculated for all patients combined, and for subgroups of patients with an
Agatston CS <10, between 10 and 100, between 100 and 400 and >400 [14].

A Chi-square test was performed to test for statistical significance (p<0.05). All analyses were

repeated separately for patients with stable and unstable anginal syndromes

Prevalence of significant CAD was based on the presence of at least one significant stenosis as

determined by QCA, which was considered the standard of reference.

RESULTS

Patient characteristics

Patient characteristics are listed in table 1. Tiwo-hundred and forty-five (68%) of 360 study partici-
pants were male, and 233 (65%) presented with stable chest pain syndromes. The mean age was
606 years, the mean body mass index was 27.3+3.8 kg/m? and the median Agatston CS was 213
(inter-quartile range 42-553). The prevalence of having at least one significant coronary stenosis
was 68%. No significant differences in patient demographics were seen in patients presenting with
stable angina syndromes or unstable anginal syndromes, except for a higher incidence of smokers

and a higher prevalence and extent of significant CAD in the unstable angina patients.

Diagnostic performance of CTCA. As shown in table 2, for all patients combined the sensitivity
of CTCA to detect significant CAD was 99% (95%CI 97-100%), the specificity was 64% (95%CI
55-73%), positive and negative predictive value were 86% (95%CI 81%-89%) and 97% (95%CI
90-100%), respectively. Positive and negative likelihood ratios (LR+ and LR-) to detect or exclude
significant CAD were 2.8 (95%CI 2.2-3.5) and 0.013 (95%CI 0.00-0.05) for CTCA. Six of 37
(16%) subjects with a CS of 0, and 15 of 62 (24%) subjects with a CS <10 had significant CAD on
CCA. Detection of significant CAD by CTCA was successful in all these subjects.
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The estimated average effective radiation exposure was 1.2+0.5 to 1.820.9 mSv for CS and
15.5%2.2 mSv to 18.4%3.2 mSv for CTCA.

Table 1. Patient characteristics

Variable All patients Stable anginal Unstable anginal P

(N:360, 100%) syndromes syndrome

(N: 233, 65%) (N: 127, 35%)

Typical angina pectoris 151 (42%) 151 (65%) - -
Atypical angina pectoris 82 (23%) 82 (35%) -
Unstable angina pectoris 127 (35%) - 127 (100%)
Men 245 (68%) 156 (67%) 89 (70%) 0.56
Age (yrs)* 60*6 60x6 60£6 0.72
Body mass index (kg/m?2)* 27.3+3.8 27.6+3.9 26.8+3.5 0.06
Heart rate (bpm)* 59+9 59+10 598 0.99
Risk factors
Hypertension 1 219 (61%) 149 (64%) 70 (55%) 0.11
Hypercholesterolemia § 228 (63%) 151 (65%) 77 (61%) 0.49
Diabetes mellitus | | 63 (18%) 47 (20%) 16 (13%) 0.08
Smoker 137 (38%) 74 (32%) 63 (50%) 0.001
Family history of CAD # 183 (51%) 113 (48%) 70 (55%) 0.27
Body mass index = 30 kg/m?2 85 (24%) 59 (25%) 26 (20%) 0.36
Previous myocardial infarction. 53 (15%) 36 (15%) 17 (13%) 0.64
Calcium score (Agatston score)t 213 (42-553) 211 (31-639) 216 (44-478) 0.59
Conventional coronary angiography
Prevalence of obstructive CAD 246 (68%) 146 (63%) 100 (79%) 0.002
Absence of significant CAD 114 (32%) 87 (37%) 27 (21%)
Single vessel disease 141 (39%) 88 (38%) 53 (42%)
Two vessel disease 78 (22%) 46 (20%) 32 (25%) 0.009
Three vessel disease 21 (6%) 10 (4%) 11 (9%)
Left main coronary artery disease 6 (2%) 2 (1%) 4 (3%)

*Mean and standard deviation. FfMedian and quartiles. Values are n (%) unless otherwise indicated. Categorical variables were tested with Fisher exact and
chi square test. Continuous variables were tested with unpaired two sided student t test. If not normally distributed, continuous variables were compared with
the Mann-Whitney test. P-values are significant if values <0.05. $Blood pressure = 140/90 mm Hg or treatment for hypertension. §Total cholesterol
>180 mg/dl or treatment for hypercholesterolemia.

| Treatment with oral anti-diabetic medication or insulin.
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Diagnostic performance of CTCA in various CS categories

With increasing CS the prevalence of significant CAD increased steeply, and the specificity and
LR+ of CTCA diminished significantly (table 2). Whereas for patients with a CS <10 the preva-
lence of significant CAD was 24%, in those with a CS >400 it was 87%. In patients with a CS
<10 specificity and positive likelihood ratio were 89% (95%CI 76-96%) and 9.4 (95%CI 4.1-22),
respectively, and the corresponding values were 20% (95%CI 5-49%) and 1.3 (95%CI 1.0-1.6)
for patients with a CS >400. Only 3 of 15 patients with a CS >400 and no significant CAD on
CCA were evaluated as negative by CTCA. As shown in table 3, the diagnostic impact of CS on
the diagnostic performance of CTCA is similar for patients with stable and unstable anginal syn-
dromes. In patients with stable angina the specificity decreased significantly from 89% (95%CI
73-96%) in those with a CS <10 to 17% (95%CI 3-49%) in those with a CS >400, and the LR+
decreased from 9 (95%CI 3.6-22.7) in those with a CS <10 to 1.2 (95%CI 0.9-1.5) in those with a
CS >400. In patients with unstable angina the specificity decreased from 91% (95%CI 57-100%)
in those with a CS <10 to 33% (95%CI 2-87%) in those with a CS >400, and the LR+ decreased
significantly from 11.0 (95%CI 1.7-71.3) in those with a CS <10 to 1.5 (95%CI 0.7-3.3) in those
with a CS >400.

DISCUSSION

In this study we set out to determine which combination of CS and CTCA would yield the best
diagnostic performance for the detection of significant CAD with a minimum of health risk in
stable and unstable angina patients referred for CCA. Our main findings are two-fold. Firstly, we
report that in our population a negative CTCA reliably ruled out significant CAD, whereas a low
CS did not. Secondly, we found that in patients with stable and unstable angina referred for CCA
the prevalence of significant CAD increased with increasing CS, while the specificity and LR+ of
CTCA decreased sharply.

Most studies, mostly performed in asymptomatic patients, have reported that in the absence of
coronary calcium the likelihood of significant coronary artery disease is very small [4-6]. How-
ever, in a recent study in patients with acute and non-acute chest pain syndromes and a CS of 0 or
<10 7% and 9%, respectively, had significant CAD [7]. Also, the absence of coronary calcification
did not rule out myocardial ischemia on PET in patients clinically referred for PET [8]. The latter
study did not provide CTCA or CCA data. In our population of symptomatic patients with stable
and unstable angina the prevalence of significant CAD on CCA was high. Thus, the prevalence of
16% and 24% significant CAD on CCA in stable and unstable angina patients with a CS of 0 and
with a CS <10, respectively, is in line with these previous studies. In the 62 patients in our study
with a CS <10 CTCA correctly detected all 15 patients with significant CAD on CCA. These

patients would have been overlooked if only the CS would have been considered. While CS can
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be used to estimate the chance that significant CAD is present in a patient, CS cannot visualize
the stenosis itself, especially if a non-calcified stenosis is present. Therefore, we recommend to
combine CS with CTCA in stable and unstable angina patients with a CS <400.

In contrast, in patients with a CS >400 CTCA was of limited additional value to CS in our study
as demonstrated by a specificity of only 20% (95%CI 5-49%) and a LR+ of only 1.3 (95%CI
1.0-1.6). Ninety-nine of 114 (87%) patients with a CS >400 had significant CAD on CTCA.
Of the remaining 15 patients, i.c. those with a CS >400 and no significant CAD on CCA, only 3
were evaluated as negative by CTCA. Two factors may account for the latter findings. The 87%
prevalence of significant CAD in patients with a CS >400 is probably the most important factor.
In addition, calcium related blooming artifacts due to the limited spatial resolution of CTCA may
have caused overestimation of lesion size, and thus false positive results [10]. These findings are
well in line with a previous study in which CTCA was of limited additional value in symptomatic
patients with a high prevalence of significant CAD [15]

Previous studies on the impact of CS on the diagnostic impact of CTCA are contradictory. While
two previous studies found that coronary calcification was one of the main factors leading to false
positive results [9;10], Pundziute et al. reported no significant impact of a CS greater than 400
on the diagnostic performance of CTCA in 110 patients clinically referred for CCA [12]. Also,
Cademartiri et al. divided 120 patients clinically referred for CCA in groups with a CS below and
above the median Agatston CS of 55 [11]. He reported that the diagnostic performance of CTCA
was affected only to a small extent by the CS. The prevalence of significant CAD and the CS of
our population are similar to the previous studies mentioned, yet our study has included substan-

tially more subjects.

Interestingly, in a recent study in 664 asymptomatic individuals the prevalence of at least one
significant stenosis on CTCA increased from 7.9% for patients with a CS between 1 and 100 to
14.5% for patients with a CS between 400 and 1000 [16]. Unfortunately, no CCA data were avail-
able for this study. Thus, due to the absence of a standard of reference the diagnostic performance
of CTCA for the detection of significant CAD could not be determined. The prevalence of sig-
nificant CAD in the highest CS categories was significantly lower than in our study. This could
be explained by the fact that the former study included asymptomatic subjects whereas we studied

symptomatic angina patients.

CTCA is associated with the use of iodine contrast medium, whereas CS is not. In addition, for
CTCA a substantially higher radiation dose is required than for CS [3].
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Symptomatic patients referred for CCA

N = 360
prev CAD 68%
Stratification by CS
CS<10 CS 10-400 CS > 400
N= 62 N =181 N=114
prev CAD 24% prev CAD 71% prev CAD 87%

Diagnosis significant CAD by CTCA

S | R

TNFPFNTP TNFPFN TP TNFPFNTP
425 0 15 28 24 2 127 3 120 99

Management Negative CTCA:no CCA  Negative CTCA: no CCA

Imphications  Positive CTCA: CCA Positive CTCA: CCA Immediste CCA

Figure 1. With CS the studied patients, who had a 68% prevalence of significant CAD, could be stratified into groups with a low, intermediate and high
prevalence of significant CAD as indicated by the prevalence (prev) of significant CAD on CCA. CTCA reliably ruled out CAD in patients with CS
<10 and with a CS between 10 and 400. In patients with a CS >400 CTCA was of limited additional value. Therefore we suggest to combine CS with
CTCA in patients with a CS <400. If CTCA is negative, CCA is not indicated in these patients. If CTCA is positive, CCA should be performed.
Patients with a CS >400 should be referred for immediate CCA.

Based on our findings we propose the following algorithm (Figure 1). In stable and unstable
angina patients with a CS <400, a CS scan should be followed by CTCA. If this CTCA is nega-
tive, CCA is not indicated. If this CTCA is positive, CCA should be performed. However, given
the reported limited additional value of CTCA for the detection of significant CAD in stable and
unstable patients with a CS >400 we suggest not to perform a CTCA in patients with a CS >400,
but to refer them to CCA directly. Such an algorithm would provide optimal diagnostic perfor-
mance, as only 2 patients with significant CAD would have been overlooked by CTCA. Only 246
of 360 (68%) patients would have undergone both CS and CTCA. Furthermore, if CTCA would
only have been performed in subjects with a CS <400, 72 of 243 (30%) subjects would not have
undergone CCA. This algorithm could easily be implemented in routine clinical practice, since it
takes a minimal amount of time to calculate the CS. Automated methods to calculate the CS may
prove helpful [17].

Importantly however, CCA merely provides information on vessel lumen while CTCA also gives

information on stenosis location and size, plaque burden, and plaque composition [18]. Future
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research is needed to determine the clinical value of this information, and specifically so in stable
and unstable patients with a high CS in whom CTCA seems to have limited additional value if
only the detection of significant CAD is taken into consideration.

When compared to previous studies, the present study has included a larger number of subjects
in a multicenter multivendor setting, allowing for a more reliable subgroup analysis. However,
we acknowledge limitations of our study. Most importantly, in line with most previous studies,
our subjects were derived from a selected population of symptomatic patients who were referred
for CCA for clinical reasons. Thus our findings only apply to stable and unstable angina patients.
Future studies will need to address the additive value of CTCA in asymptomatic patients with a
high CS. Secondly, in the present study 64-slice CTCA scanners were used. Future research will
need to determine whether improvements in spatial and temporal resolution with new generation
scanners such as Dual Source or 256-slice scanners may improve the diagnostic performance of
CTCA in patients with a high CS. Thirdly, we only studied patients between 50 and 70 years of
age. The median CS for patients under 50 years of age is likely to be lower, and that of patients
over 70 years of age is likely to be higher than the median CS of our population [19;20]. As the
association between CS and significant CAD varies with age [19;20], our findings may not fully
apply to subjects outside this age range. Fourthly, in line with previous studies, we excluded pa-
tients who were not in stable sinus rhythm, or did have renal insufficiency. In addition, a limited
number of patients was not included for logistic reasons. Finally, the present study only focused
on anatomical data. Additional research should focus on the value of the combination of CS,
CTCA and functional tests such as PET and Single Photon Emission Computed Tomography
(SPECT) in the diagnostic work-up of angina patients referred for CCA.

CONCLUSION

In conclusion, we suggest that in angina patients clinically referred for CCA with a CS <400, the
CS scan is combined with CTCA. However, we recommend that these patients are referred for
CCA directly in case of a CS >400.
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MSCT LESION CALCIUM SCORE TO PREDICT STENOSIS SEVERITY OF CALCIFIED LESIONS

SUMMARY

Purpose
To develop an algorithm for predicting =50% coronary stenoses based on segmental multislice

computed tomography calcium score (MSCT CS) and clinical factors.

Materials and Methods

402 patients underwent MSCT CS and conventional coronary angiography. CS and calcification
morphology were assessed in individual coronary segments. In a derivation dataset, we explored
the predictive value of segmental CS, morphology, patient’s symptoms and risk factors.

Results

Spotty calcifications had an OR for stenosis 2.3-fold (p <0.001) greater than the absence of calci-
fications, wide calcifications 2.7-fold (p <0.001) greater, diffuse calcifications 4.6-fold (p <0.001)
greater. In middle segments, each unit of CS had an OR 1.2-fold (p <0.001) greater than in distal
segments; in proximal segments the OR was 1.1-fold greater (p = 0.021). The OR was 1.8-fold
greater (p = 0.006) in patients with typical chest pain, 2-fold (p = 0.014) greater in patients with
acute coronary syndromes, 2-fold greater (p <0.001) in patients with prior myocardial infarction.
The ROC curve area of the prediction rule was 0.795 (0.95 confidence interval: 0.602-0.843).
Validation in a validation dataset yielded similar results.

Conclusion
In conjunction with calcification morphology, anatomical location, patient’s symptoms and risk

factors, MSCT segmental CS can predict coronary stenosis.
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INTRODUCTION

The quantification of the total amount of coronary calcification (calcium score) by electron beam
tomography (EBT) or multislice computed tomography (MSCT) is useful for predicting the
presence of angiographically significant (=50% diameter reduction) coronary artery stenoses at
the patient level (1-4). A calcium score =200 provides strong evidence of obstructive coronary
artery disease in patients =50 years old, and a calcium score of 0 provides strong evidence about
the absence of obstructive coronary artery disease (3). However, intermediate calcium scores are
less useful in clinical practice. Moreover, the total calcium score does not provide information
regarding the probability of stenosis at the level of a specific coronary segment or lesion. In these
cases, contrast-enhanced MSCT coronary angiography (MSCT-CA) may be a beneficial next
step. Unfortunately, coronary calcifications hinder the visualization of the coronary lumen at
MSCT-CA (“blooming effect”), thus the evaluation of stenosis severity in calcified vessels is often
impossible using MSCT-CA.

The purpose of this study was to assess the relationship between coronary calcification and the
degree of luminal narrowing at the same site. We constructed an algorithm to facilitate the predic-
tion of angiographically significant stenosis in symptomatic patients undergoing MSCT calcium
score. The algorithm consists of a multivariable prediction rule which includes the MSCT cal-
cium score measured in a given coronary segment, the patient’s symptoms and risk factors in
order to calculate the probability of significant coronary artery stenosis in the same coronary

segment.

MATERIAL AND METHODS

Patients

During a 24-month period, 402 patients with stable or acute chest pain were recruited to an ongo-
ing study at our institution comparing 64-MSCT-CA with conventional coronary angiography
(CCA). Patients in sinus heart rhythm, able to hold their breath for 15 seconds, and without
previous percutaneous coronary intervention or coronary bypass surgery were included. Impaired
renal function (serum creatinine >120 umol/L) and known intolerance to iodinated contrast were
exclusion criteria. The study protocol was approved by the Institutional Review Board and was
in accordance with the declaration of Helsinki. Particular attention was paid to the additional
radiation dose. All patients consented to undergo MSCT before CCA after being informed of the
additional radiation dose. They also consented on the use of their data for future retrospective

research.
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Preparation and coronary artery calcium scans

Patients with heart rates >65 beats per minute (bpm) received 100 mg metoprolol (Selokeen,
Astra Zeneca, London, United Kingdom) orally 1 hour before the scan. Scans were performed
with a 64-slice CT scanner with a gantry rotation time of 330 ms, a temporal resolution of 165 ms
and a minimal spatial resolution of 0.4 mm3 (Sensation 64; Siemens, Forchheim, Erlangen, Ger-
many). The non-enhanced coronary calcium scans were acquired with a standard spiral low-dose
protocol using ECG-gating. Scan parameters were as follows: 32*2 slices per rotation; individual
detector width of 0.6 mm, 330 ms rotation time, 3.8 mm/rotation table feed, 120 kV tube voltage,
150 mAs tube current, with activated prospective x-ray tube modulation. Overlapping slices were
reconstructed at 65% of the R-R interval (retrospective ECG-gating) using B35f convolution ker-
nel. Reconstructed slice thickness was 3.0 mm with an increment of 1.5 mm. The radiation expo-
sure, estimated using dedicated software (ImPACT, version 0.99x, St. George’s Hospital, Tooting,

London, United Kingdom), was 1.4 mSv in men and 1.8 mSv in women.

MSCT-CA scans

For the MSCT-CA studies, 95 ml of contrast agent (iomeprol; Iomeron, 400 mg/ml; Bracco,
Milan, Italy) were injected intravenously into an antecubital vein. The injection rate was 5 ml/s.
A bolus-tracking technique was used to monitor the arrival of contrast in the coronary arteries (5,
6). Scan parameters were identical to those used for coronary calcium scanning except for a tube

current of 900 mAs. Datasets were reconstructed using retrospective ECG gating and a mono-

segmental reconstruction algorithm, as previously described (5, 6).

Figure 1. Measurement of calcium
score at the segment level To clas-
sify coronary segments consistently,
contrast-enhanced MSCT-CA axial
images (A) were available to the ob-
server. Side branches, especially if non-
calcified, could have been difficult to
detect on non-enhanced images (B, C).
Because the quantification software did
not allow labelling of the 17 coronary
7aS . segments individually, the 4 available
“Diagonal ' labels (named as the 4 major coronary
vessels) were used interchangeably and
applied to coronary segments (D).
LM = left main artery; LAD = left
anterior descending artery; LCx =
left circumflex; IMB = intermediate
branch. (A full color version of this il-
lustration can be found in the color sec-
tion).
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Conventional coronary angiography (CCA)

MSCT and CCA were carried out within a time interval of 1 week. A single observer (>10-year
experience) identified coronary segments on CCA following a 17-segment modified American
Heart Association (AHA) classification model (7). Stenoses were classified as significant if the
mean luminal narrowing was 250% using validated quantitative coronary angiography (QCA)
software (CAAS II®, Pie Medical, Maastricht, the Netherlands).

Segmental calcium score (CS) and morphology

MSCT datasets were analyzed using an oft-line workstation (syngo MultiModality Workplace
VE25A, Siemens, Erlangen, Germany). Dedicated software (syngo Calcium Scoring VE31H, Sie-
mens, Germany) was used for measuring calcium score (CS) in non-enhanced scans (8). One
experienced observer, unaware of the CCA results, measured CS in individual coronary segments
using a standard technique based on seed points and a region growing algorithm. Results were

expressed using the Agatston (9), volume (10) and mass (11) scores.

Figure 2. Method for separation of connected
calcifications in a slice To assign calcifications
to the corresponding individual coronary artery
segment, there needed to be separation of con-
nected lesions in a slice (A, B). To achieve this,
calcifications were edited manually (C) and split
(D) using the 3D Edit’ function (C, insert and
arrow) of the software (syngo Calcium Scoring).
LAD = left anterior descending artery; LCx =
left circumflex. (A full color version of this illus-
tration can be found in the color section).

In order to obtain a con-
sistent classification of the
coronary tree into segments,
contrast-enhanced ~ MSCT-
CA axial images were avail-
able to the observer (Figure 1).
The MSCT-CA images were

scrolled using a viewing ap-

plication (syngo Viewing, Sie-
mens, Erlangen, Germany).
Availability of MSCT-CA ensured the visualization of the origin of smaller side branches, espe-
cially when they were not calcified. These side branches might have remained undetected on the
non-enhanced images. The visualization of the diagonal branches allowed the classification into
segments of the left anterior descending coronary artery (LAD); the origin of marginal obtuse

branches allowed the classification into segments of the left circumflex artery (LCx), and the ori-

11

177
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gin of acute marginal branches allowed the classification into segments of the right coronary artery
(RCA). MSCT-CA was used only for anatomical classification and not for CS measurement. CS
was measured on non-enhanced images in accordance to clinical practice (8). To assign calcifica-
tions to the corresponding coronary segment, there needed to be separation of connected lesions
in a slice (12). To achieve this, calcifications were edited manually slice-by-slice and split using the
‘3D Edit’ function of the software (Figure 2).

In each segment, calcification morphology was classified as spotty, wide or diffuse (Figure 3) based
on the width and length of the calcification in relation to the coronary segment diameter, follow-
ing the classification model described in Table 1 (12). In the event of multiple calcifications with
different morphology within the same segment, the segment was classified as the calcification

with the largest size.

Figure 3. Calcification morphology
Calcification morphology was classified as spotty (A, arrowhead), wide (B, arrow) and diffuse (C, gross arrow) based on the width and length of the calci-
fication in relation to the coronary segment diameter. (A full color version of this illustration can be found in the color section).

Statistical analysis

Statistical analysis was performed using commercially available software (SPSS, version 12.1.
SPSS Inc., Chicago, IL., and STATA/SE 10.0, College Station, TX). Quantitative variables were
expressed as means (standard deviations) and categorical variables were expressed as frequencies
or percentages. The level of significance was chosen at a p-value <0.05.

The dataset was split into two equal datasets. Data from the first 201 patients were used to identify
highly correlated variables, to explore the predictive value of the variables and to derive a multi-
variable prediction rule. There was a high correlation between the Agatston and the volume score
(Pearson r = 0.990; p <0.001), the Agatston and the mass score (r = 0.995; p <0.001) and the
volume and the mass score (r = 0.989; p <0.001). We used the Agatston score for further analyses
because it has been extensively validated in clinical practice (1-4, 9). Using the derivation dataset,

we determined the frequency of significant stenoses at the segment level, according to ranges of
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Table 1. Classification of calcification morphology on non-enhanced MSC'T images - modified from (12)

Calcification morphology Lesion width * Lesion length ®
Diftuse =2/3 of coronary diameter =3/2 of coronary diameter
Wide =2/3 of coronary diameter <3/2 of coronary diameter
or
<2/3 of coronary diameter =3/2 of coronary diameter
Spotty <2/3 of coronary diameter <3/2 of coronary diameter
None Undetectable Undetectable

a Extent of calcification perpendicular to the longitudinal direction of the vessel
b Extent of lesion in the longitudinal direction of the vessel

segmental CS and calcification morphology. The natural log transtorms of (CS + 1) were used
because CS showed a skewed distribution. Categorical variables were compared with the chi-
squared statistic. We also obtained receiver-operating characteristic (ROC) curves with luminal
narrowing =50% at CCA as the reference standard to define positive cases. The prediction rule
was then validated in the second set of 201 patients. The outcome of interest was the prediction of

angiographically verified significant (=50% diameter reduction) stenoses at the segment level.

The data was clustered implying that potential correlation existed between the multiple (sev-
enteen) segments analyzed per patient. To adjust for the clustered nature of the data, we used
generalized estimating equations (binomial family, logit link function, exchangeable correlation
matrix, and robust —sandwich~ standard errors adjusted for clustering on patient identification).
We performed univariable analyses to evaluate the significance of the Agatston CS in each seg-
ment, calcification morphology, segment location (proximal, middle, and distal/side branches, as
previously described (13)), major coronary vessel (RCA, LAD, LCx, LM), age, gender, patient’s
symptoms (typical chest pain/atypical chest pain/acute coronary syndrome) and risk factors (obe-
sity, hypertension, smoking, diabetes mellitus, hypercholesterolemia, prior myocardial infarction,
family history). Variables with a p-value <0.10 in the univariable analyses were entered in the
multivariable model. Interaction terms were explored between morphology and CS, location and
CS, location and morphology, vessel and CS, and vessel and morphology. The final multivariable
model included all variables with a p-value <0.05 and variables with a p-value<0.10 that were
considered to be important based on clinical judgment and internal consistency of the model.
Odds ratios (OR) and robust 95% confidence intervals (CI) are reported.

A prediction score was calculated based on the coefficients of the final multivariable model, and
was subsequently validated in the second dataset. For both the derivation and validation dataset we
report the area under the curve (AUC) with its 95% confidence interval (CI) as summary measure
of the performance. To adjust for the clustered nature of the data, the 95% CI of the AUC was

obtained with 1000 bootstrap samples using patient identification as clustering variable.
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RESULTS

Baseline characteristics and angiographic findings (Table 2)

In the derivation dataset, 126/201 (62.7%) patients had at least one =50% stenosis (Table 2). The
mean (standard deviation) calcium score was 450.37 (661.23). Thirty/201 (14.9%) patients did
not show any detectable calcification. Of these, 4/30 (13.3%) had at least one significant stenosis.
A total of 3001 coronary segments were visualized angiographically. Of these, 136/3001 (4.5%)
were localized distally to occluded coronary segments and supplied by collateral pathways. These
segments were excluded from the analysis. There remained 2865 coronary segments, of which
282/2865 (9.8%) harboured =50% stenoses. Among the lesions associated with significant steno-
sis, 89/282 (31.6%) were in the RCA, 110/282 (39%) in the LAD, 79/282 (29%) in the LCx, and
4/282 (1.4%) in the LM (p <0.001).

Table 2. Baseline characteristics

Characteristic Development Validation p-value ¢
sample sample

No. of patients 201 201 -

Age

Mean age (sd) * (years) 59 (12) 60 (10) 0.52°

Age range 21-87 35-80 -

Age groups: no. (%) - - 0.81
<50 38/201 (19%) 33/201 (17%) -
51-60 79/201 (39%) 80/201 (40%) -
61-70 50/201 (25%) 57/201 (28%) -
>70 34/201 (17%) 31/201 (15%) -

Men / Women: no. (%) 142 (71%) / 59 (29%) 137 (68%) / 64 (32%) 0.59

Patient clinical presentation: no. (%)

Typical chest pain 97/201 (48%) 57/201 (28%) <0.001
Atypical chest pain © 71/201 (35%) 76/201 (38%) 0.61
Acute coronary syndrome ¢ 33/201 (17%) 68/201 (34%) <0.001

Cardiovascular risk factors: no. (%)

Obesity (Body Mass Index =30 Kg/m?) 48/201 (24%) 50/201 (25%) 0.84
Smoking 63/201 (31%) 66/201 (33%) 0.75
Hypertension 106/201 (53%) 1107201 (55%) 0.69
Dyslipidemia (serum cholesterol o o

200 mg/dL or 5.18 mmol/L) 136/201 (68%) 100/201 (50%) <0.001
Diabetes mellitus (plasma glucose o o

>126 mg/dL or 7.0 mmol/L) 25/201 (12%) 26/201 (13%) 0.88
Family history 90/201 (45%) 106/201 (53%) 0.11
Prior myocardial infarction 43/201 (21%) 21/201 (11%) 0.003
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Medication before MSCT and heart rate

Beta-blockers: no. (%) 142/201 (71%) 135/201 (67%) 0.11
I(\l/)lcc;trz/l;;a;t)ratc during scan (sd) * 58 (11) 60 (8) 0.77
Total calcium score (Agatston; patient level)
Range 0-3839 0-3394 -
Mean (sd) 450.37 (661.23) 346.60 (492.02) 0.70
Median 198.10 214.70 -
Calcium score groups: no. (%) - - 0.79
0-10 50/201 (25%) 47/201 (23%) -
11-100 32/201 (16%) 32/201 (16%) -
101-400 59/201 (29%) 68/201 (34%) -
>400 60/201 (30%) 54/201 (27%) -

a standard deviation

b retrosternal pain occurring with exercise, relieved by rest and administration of nitrates
cany 2 or 1 features of typical chest pain

d unstable angina or non-ST elevation myocardial infarction

e Chi squared test unless otherwise specified

fMann-Whitney U test

Segmental CS

In the derivation dataset, the range in segmental CS was 0-1370. The mean (standard deviation)
was 29.80 (88.40). The median was 0. There were 1735/2865 (60.6%) segments which did not
show any detectable calcification (segmental CS = 0). Of these, 68/1735 (3.9%) harboured a sig-

nificant stenosis.

Calcification morphology
In the derivation dataset, there were 431/2865 (15%) spotty calcifications, 325/2865 (11.3%) wide
calcifications, and 374/2875 (13.1%) diffuse calcifications.

Frequency of significant stenoses

The frequency of coronary stenosis increased proportionally with increasing CS (Figure 4, left
column), and from spotty, to wide, to diffuse morphology (all p-values <0.01). The frequency of
significant stenoses associated with CS and morphology in men and women according to age is
given in Table 3.

The AUC:s for the detection of =50% coronary stenosis were 0.74 (CI: 0.71-0.77) for CS, and
0.74 (CI: 0.71-0.77) for calcification morphology (Figure 4, right column).
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Figure 4. Segmental CS and morphology: frequency of associated significant stenoses (left column) and ROC curves (right column)

The frequency of coronary stenosis (left column) increased proportionally with increasing CS. The frequency of stenosis also increased from spotty, to wide,
to diffuse morphology. The diagnostic performances of CS and morphology in the detection of significant stenosis (right column) were similar (both AUC’s
= 0.74). Arrows and labels indicate different thresholds for significant coronary artery stenosis.

Univariable analysis (Table 4)

The odds ratio (OR) for significant stenosis was approximately 1.7-fold (p = 0.005) greater for
patients with typical chest pain, and 1.6-fold (p = 0.023) greater for patients with unstable an-
gina or non-ST elevation myocardial infarction (acute coronary syndrome). For patients with
dyslipidemia, the OR was increased 2.6-fold (p <0.001), and for patients with a prior myocardial
infarction the OR was increased 2.5-fold (p<0.001). With distal segments as comparator, the OR
for significant stenosis was approximately 1.6-fold (p<0.001) greater for middle segments, and
1.8-fold (p=0.001) greater for proximal segments. With the RCA as comparator, the OR was
approximately 0.7-fold (p = 0.039) smaller for the LCx, and 0.2-fold (p <0.001) smaller for the
LM; the OR for the LAD was similar. For each unit of natural log of segmental CS, the OR of
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Table 4. Univariable logistic regression models for the prediction of angiographically proven significant coronary stenosis

Characteristic Odds Ratio (95% CI) p-value*®
Age 1.032 (1.015-1.0494) <0.001
Gender (male) 1.629 (1.086-2.445) 0.018
Typical chest pain 1.694 (1.178-2.438) 0.005
Atypical chest pain 0.340 (0.214-0.538) <0.001
Acute coronary syndrome 1.625 (1.068-2.472) 0.023
Obesity 0.986 (0.679-1.432) 0.941
Smoking 1.069 (0.755-1.513) 0.708
Hypertension 1.098 (0.763-1.579) 0.615
Dyslipidemia 2.606 (1.523-4.459) <0.001
Diabetes 0.819 (0.513-1.307) 0.402
Family history of CAD 0.781 (0.550-1.108) 0.166
Prior myocardial infarction 2.537 (1.776-3.623) <0.001
Segment location**
Distal and side branches odds ratio comparator
Middle 2.545 (1.913-3.386) <0.001
Proximal 1.777 (1.272-2.483) 0.001
Vessel
RCA odds ratio comparator
LAD 0.995 (0.718-1.379) 0.976
LCx 0.722 (0.529-0.984) 0.039
LM 0.150 (0.054-0.416) <0.001
CS (In) 1.500 (1.399-1.604) <0.001
Calcification morphology
Spotty 2.732 (1.898-3.934) <0.001
Wide 4.269 (2.836-6.427) <0.001
Diffuse 9.144 (6.297-13.277) <0.001

*Significant p-values are bolded

** Proximal segments included segments 1, 5, 6, and 11. Middle segments included segments 2, 3, 7, and 13. Distal and side branches included segments
4a, 4b, 8, 9, 10, 12, 14, 15, and 16 (7, 13).

significant stenosis was 1.5-fold (p <0.001) greater. The presence of spotty calcifications had an
OR for stenosis approximately 2.7-fold (p <0.001) greater than the absence of calcification, wide
calcifications approximately 4.3-fold (p <0.001) greater, and diffuse calcifications approximately
9.1-fold (p <0.001) greater than the absence of calcification.

11



Table 5. Multivariable logistic regression (final) model for the prediction of angiographically proven significant coronary stenosis

Model* Odds Ratio (95% CI) p-value** Coefficient
Clinical presentation
Typical chest pain 1.755 (1.175-2.622) 0.006 0.562
Acute coronary syndrome 1.989 (1.151-3.439) 0.014 0.688
Risk factors
Prior myocardial infarction 1.982 (1.397-2.812) <0.001 0.684
Vessel
LM 0.169 (0.059-0.482) 0.001 -1.776
Calcification morphology
Spotty 2.303 (1.567-3.384) <0.001 0.834
Wide 2.690 (1.698-4.260) <0.001 0.989
Diftuse 4.614 (2.842-7.491) <0.001 1.529
CS (In)
If middle segment 1.189 (1.084-1.304) <0.001 0.173
If proximal segment 1.125 (1.018-1.242) 0.021 0.117

*The model Wald chi-square was 226.32 (p <0.001)
**Significant p-values are bolded

Multivariable analysis (Table 5)

In a multivariable model, the OR for coronary stenosis was approximately 1.8-fold greater (p
= 0.006) in patients with typical chest pain, 2-fold (p = 0.014) greater in patients with acute
coronary syndrome, and 2-fold greater (p <0.001) in patients with prior myocardial infarction.
The presence of spotty calcifications had an OR for stenosis approximately 2.3-fold (p <0.001)
greater than the absence of calcification, wide calcifications approximately 2.7-fold (p <0.001)
greater, and diffuse calcifications approximately 4.6-fold (p <0.001) greater than the absence of
calcification. With distal segments as comparator, each unit of natural log of CS in middle seg-
ments corresponded to an OR approximately 1.2-fold (p <0.001) greater; in proximal segments
this corresponded to an OR 1.1-fold greater (p = 0.021). The LM coronary artery had an OR for
stenosis approximately 0.2-fold (p = 0.001) smaller than the RCA, whereas the remaining coro-

nary vessels were similar.

Prediction score
Based on the coefficients (multiplied by 100) of the final multivariable model (Table 5), a score for

the prediction of significant stenosis in a given segment (SCORE) was calculated as follows:
SCORE = 12*In(CS) (if proximal) + 17*In(CS) (if middle) + 83 (if spotty) + 99 (if wide)

+ 153 (if diffuse) + 56 (if typical chest pain) + 69 (if acute coronary syndrome) + 68 (if prior
myocardial infarction) -178 (if LM) -362
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The probability of significant coronary stenosis increased with the extent (i.e., CS, morphology)

of coronary calcification. This probability is related to the SCORE through the following equa-

tion:

Probability (significant stenosis) = 1/ [1 + exp (- SCORE) | (Figure 5)

Derivation and validation
datasets

Derivation and wvalidation datasets
revealed similar results. The AUC
for the derivation set was 0.795 (CIL:
0.602-0.843); the AUC for the valida-
tion set was 0.783 (CI: 0.598-0.827).

DISCUSSION

Calcification overrepresentation  is
a major limitation to MSCT-CA,
which is mainly due to the limited
spatial resolution. Calcification over-
representation is generally referred to
as ‘blooming effect’, and is frequently
associated with beam hardening and
partial volume artefacts. Calcification
overrepresentation limits the visu-
alization of adjacent structures and
often yields overestimation of the

severity of stenosis (false positive di-

Figure 5. Continuous probabilistic prediction of significant coronary artery
stenosis.

By entering the SCORE on the x axis, the associated probability of significant stenosis in
the same coronary segment can be read on the y axis (see excel spreadsheet — supplemental
file, Figure 6). SCORES < (-6.5) (not plotted) are associated with a negligible prob-
ability of significant stenosis;, SCORES > 6.5 (not plotted) are associated with near
certainty of significant stenosis.

agnoses). Sharp convolution kernels for image reconstruction partially compensate for the bloom-

ing effect, however this comes at the expense of increased image noise. Also several deconvolution

filters have been developed with the goal of reducing the blooming effect without increasing

image noise (14). These filters are based on iterative measurements, require long computation-

al processing times and have not been validated in clinical practice. The introduction of dual

source MSCT scanners and the ‘dual energy’ scan technique allow the acquisition of separate

low- and high-energy images which are then synthesized in order to cancel high-density struc-

tures such as calcifications (15). However, the applicability of this technique to coronary imag-

ing has not been evaluated yet. Therefore, MSCT-CA in calcified coronary arteries remains a

diagnostic challenge. This study describes a practical approach to overcome such limitation of
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MSCT-CA, facilitate diagnostic decision making and potentially reduce the number of false posi-

tive diagnoses.

We found that the probability of significant coronary stenosis associated to a given coronary cal-
cification increased proportionally with the lesion CS, and from the spotty, to the wide, to the
diffuse morphological patterns (Figure 4, left column). This is consistent with the findings of Lau
et al. (16) and Kajinami et al.(12). However, our results revealed that for both CS and morphol-
ogy the use of a high-specificity threshold was associated with a much lower sensitivity for the
detection of significant coronary artery stenosis, and a high-sensitivity threshold was associated
with a much lower specificity (Figure 4, right column). This implies that the amount and pattern
of calcification of a given lesion, when considered per se, are probably rather crude parameters
for the presence of an underlying significant stenosis. The most likely mechanism to explain this

finding is the compensatory enlargement of atherosclerotic coronary arteries (positive remodel-
ing) (17).

Nevertheless, by combining patient’s symptoms, clinical history and lesion location within the
coronary tree, the predictive value of CS and calcification morphology observed in a given seg-
ment could be improved. The CS is influenced by lesion location because the coronary artery
diameter shows a wide variation depending on location. This also suggests the potential merit of
morphologic evaluation additional to CS. Characteristics such as the type of chest pain and the
history of prior myocardial infarction are important because the way we interpret MSCT-CA

studies in daily practice is heavily influenced by the clinical context.

It can be argued that a diagnostic benefit from a complementary use of segmental CS to MSCT-
CA cannot be expected in all lesions. Firstly, not all coronary lesions associated with significant
stenosis are calcified. Secondly, there will be situations in which segmental CS will yield interme-
diate probability values. In a hypothetical patient with typical chest pain, prior myocardial infarc-
tion, a calcified lesion with diffuse pattern in the middle LAD, and a CS measured in that lesion
of 148, the SCORE for the middle-LAD lesion will be:

SCORE = [17*In(148)] + 153 + 56 + 68 -362 = 0.07 = 0

A SCORE = 0 corresponds to a probability of significant stenosis of = 50% (Figure 5), which may
not be very helpful for clinical decision making (presence and absence of significant stenosis are
equally likely). However, because the SCORE proposed in this study was calculated as a function
of the natural log transform of lesion CS (skewed distribution), the interval of CS associated to
intermediate probabilities of coronary artery stenosis is quite narrow. Indeed, in the same patient,
if the lesion had a CS of 158, the probability of significant stenosis would be = 75% (significant
stenosis is likely present). If the same lesion had a CS of 118 the probability of stenosis would be
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<5% (significant stenosis is unlikely present). These probabilities may be more helpful to support

decision making.

Limitations of our study include the fact that the Agatston CS is not a physical measurement of
calcification (9). However, as opposed to the other scores, the Agatston CS is commonly used in
clinical practice. Moreover, we found a very high correlation between the Agatston and the vol-
ume/mass scores. Also, CS underestimates coronary plaque burden because it does not include
non-calcified plaque. The measurement of coronary plaque burden by MSCT was beyond the
purpose of our study. Although early studies (18, 19) have shown that measuring the plaque bur-
den by MSCT is feasible, the robustness and the clinical implications of these methods are to be

evaluated.

CONCLUSION

We developed a practical method which uses a major limitation to MSCT-CA (i.e., coronary cal-
cification) to improve the ability of this technique to predict the presence of significant coronary
stenosis and reduce the number of false positives. Further research is warranted to define in which
patient population the analysis of segmental CS additional to MSCT-CA may be beneficial for

improving the diagnostic performance.
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CTCA IN PATIENTS WITH SUSPECTED CAD: DECISION MAKING FROM VARIOUS PERSPECTIVES IN THE FACE OF UNCERTAINTY. A COST-EFFECTIVENESS ANALYSIS

ABSTRACT

Objectives:

Patients with stable chest pain suspected of having coronary artery disease (CAD) may be imaged
with computed tomography coronary angiography (CTCA) to diagnose CAD, avoiding conven-
tional coronary angiography (CCA). Our purpose was to determine the indication of CTCA as
triage test prior to CCA.

Methods:

This study was approved by the Institutional review board. Using a Markov-model, we analyzed
the decision from the perspective of the patient, physician, hospital, health-care system, and so-
ciety using recommendations from the UK, US, and Netherlands (NL) for cost-effectiveness
analyses. Outcome measures were revised post-test probability of CAD, life-years (LYs), quality-
adjusted life-years (QALYs), costs, and incremental cost-effectiveness ratios (ICER). Extensive

sensitivity analysis was performed.

Results:

For a prior probability below 40%, the post-negative-CTCA probability was <1%. CTCA maxi-
mizes LYs in 60-year-old men (and women) at a prior probability below 68% (71%) and maximiz-
es QALYs at a prior probability below 39% (40%). CTCA minimizes health-care and direct non
health-care costs (UK/US recommendations) below 92-96%, and all costs including production
losses (NL recommendations) below 85-88%. Using a willingness-to-pay threshold of €50000/
QALY, CTCA was cost-effective below a prior probability of 68-70%, which was the case in pa-
tients with atypical angina. Sensitivity analyses showed that results changed across the reported
range of sensitivity of CTCA.

Conclusions:

The indication for CTCA as triage test prior to CCA depends on the optimization criterion, prior
probability of CAD and sensitivity of CTCA. In patients with atypical angina, CTCA increases life
expectancy but not QALY’s, is cost-saving and is cost-effective.
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INTRODUCTION

Patients with chest pain suspected of having coronary artery disease(CAD) usually undergo con-
ventional coronary angiography(CCA) to diagnose CAD. These patients may be imaged non-
invasively with computed tomography coronary angiography(CTCA) avoiding invasive CCA.
Recent systematic reviews and meta-analyses have shown that CTCA is accurate in diagnosing
CAD with a sensitivity analyzed at the patient level of 96%-99% and specificity of 74%-94%(1-3).
Although CTCA is rapidly being introduced into clinical practice as a triage test prior to CCA, its

effect on patient outcome and cost-eftectiveness have not yet been determined.

Every year, approximately 4.5 per 1000 people visit a doctor with chest pain(4). Over 2 mil-
lion CCA procedures are performed annually in Europe(5) and approximately 1.7 mil-
lion in the USA(6). The use of CTCA as an initial triage test could save costs and minimize
discomfort to patients. However, a trade-off must be made between the benefits and harms of
CTCA.

Current guidelines recommend the use of CTCA in patients with a low to intermediate prior
probability of CAD who are unable to exercise or have inconclusive functional test results(7).
What constitutes a low to intermediate prior probability, however, remains to be elucidated. The
purpose of this study was to determine the indication of CTCA as triage test prior to CCA in
patients with suspected CAD.

MATERIALS AND METHODS

Study population

The study population were 233 stable patients presenting with chest pain suggestive of angina
suspected of having CAD as observed in the prospective, multicenter, multi-vendor cohort study
that evaluated 64-detector CTCA(8). In this study, all patients were referred for CCA based on a
history or functional testing that suggested the presence of cardiac ischemia and all patients un-
derwent CTCA prior to CCA. This study was approved by the institutional review board and all

patients signed informed consent.

Decision model

We developed a decision model (in DATA Pro 2008 Suite, TreeAge Software Inc, Williamstown,
MA, USA) to evaluate the use of CTCA as initial imaging test, if positive followed by CCA (new
strategy) compared to direct CCA (current practice)(Figure 1). Short-term outcomes related to
the diagnostic imaging tests were modeled with a decision tree and a Markov model was used to

model long-term outcomes. The Markov model, with a cycle length of 1 year, modeled whether a
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Figure 1. Schematic representation of the decision tree. The square indicates a decision node, circles indicate chance nodes, (M) indicates a Markov
node. Following a positive CTCA result a CCA is performed. “Clone” indicates that the structure of the tree at that point is identical to another subtree,
which is marked with a black line and a corresponding number. TP = True positive, FN = False Negative, FP = False positive, TN = True negative.

patient was alive or dead and whether a cardiovascular (CVD) event occurred. Quality of life was
modeled depending on the chance of successtul relief of angina through treatment. Costs were
estimated for diagnostic tests, treatment (PCI, CABG, medication), and events during follow-up.
The decision was analyzed from the perspective of the physician, patient, hospital, health-care
system, and society using various optimization criteria(9) and taking into account the uncertainty

involved.

Data sources and assumptions

The input data was based, where possible, on the cohort study. We searched the English language
literature for data not available from the cohort study and for data to be used in sensitivity analyses
(Table 1). All variables were entered in the model as distributions. To stay close to the cohort study
data, sensitivity and specificity of CTCA were derived from the study (Table 1)(8) and were as-
sumed to be independent of age, sex, risk factors, and presentation. Significant CAD was defined
as =50% lumen diameter reduction. The CTCA mortality rate was assumed to be equivalent to
the mortality rate of using IV contrast materials(10). CCA was used as the reference test, assuming
100% sensitivity and specificity. Sex-specific probabilities of having CAD for 60-year old patients
from the cohort study were used. Because age, sex and type of chest pain have been proven to be
the major determinants of the prior probability of CAD(11), we used upper and lower limits from
Diamond & Forrester for different types of chest pain (Table 1)(12). CVD event rates in patients
without known CAD (patients with a true negative or false positive test result) were assumed to
be equivalent to first CVD event rates in the general population and were therefore calculated

with the Framingham-Heart-Score(13) and modeled specific for the average risk factor profiles
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Table 1. Parameter estimates, their reported ranges and distributions, and data sources.

Parameter Point estimate  95% CI/Range  Distribution Source
Prevalence of CAD
Overall
Men 0.63
Women 0.72 0.59 - 0.94 Triangular (8),(12)

0.43 0.32-0.91 Triangular (8),(12)
CTCA
Sensitivity 0.99 0.97 - 1.00 Beta ®)
Specificity 0.63 0.53-0.73 Beta ®)
Mortality 0.0000006 0-0.000016 (10)

149 - 248
Costs in Euro’s 198 Triangular Cost-analysis
68-113
Time cost for patients (min) 90 Triangular Cost-analysis
CCA
Sensitivity 1 - - Assumption
Specificity 1 - - Assumption
Risk of MI 0.0005 0.0003 — 0.0007 Beta (43)
Mortality 0.0011 0.0009 - 0.0014 Beta (44)
Costs in Euro’s 1360 1020 — 1700 Triangular Cost-analysis
Time cost for patients (min) 362 272 - 453 Triangular Cost-analysis
Event rates and hazard rate ratios
Annual non-CVD mortality * - - - Dutch Lifetables
23)
CVD event rate (no CAD)
Men 0.024 0.014 - 0.077 Uniform (13)
0.008 - 0.053

Women 0.014 Uniform (13)
HRR CVD events,CAD vs. no CAD 1.50 1.32-1.70 Log-normal (14)
HRR CVD events, Medica- 0.63 0.44 -0.88 Log-normal (15, 16)
tion vs. no Medication
HRR CVD events, prior 1.45 1.09-1.89 Log-normal (14)
MI vs. no prior MI
Proportion Fatal Event 0.17 0.10-0.25 Triangular (19) (16)
Risk of cancer due to radia-
tion exposure (1) (2)
LAR in men 0.00067 0.00052-0.00081 Uniform (21)
% fatal 0.65 - - (22)
LAR in women 0.0018 0.0014 - 0.0022 Uniform (1)
% fatal 0.70 - - (22)
Quality of life weights
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no CAD 0.87 0.85-10.89 Beta (25)
Treated CAD (TP) 0.85 0.82-0.87 Beta (25)
Untreated CAD (FN) 0.74 0.71-0.77 Beta (25)
Disutility CVD event 0.04 0.02-0.07 Beta (26)
Costs §
Treatment § 7512 0 - 24866 Triangular Standard Rates
Medication (per year) 364 99 - 738 Triangular (28)
Mpyocardial infarction 13000 8000 - 18000 Uniform Estimation
4-6
Travel cost (per visit) 5 13-22 Triangular (35)
Time cost (per hour) 18 702 - 1085 Triangular (35)
Reintervention | | 754 Triangular (35)
Friction period (weeks) 22 - - (35)
Friction cost (per hour)
Men 51 38-63 Triangular (35)
‘Women 39 29-48 Triangular (35)

CI = Confidence interval, CTCA = Computed tomography coronary angiography, CCA = Conventional coronary angiography, CAD = Coronary
artery disease, CVD = Cardiovascular disease, RR = relative risk, HRR = Hazard rate ratio, MI = Myocardial infarction, LAR = Life-time attribut-
able risk, TP = True positive, FN = False negative

* Age-specific

T Sex-specific

F Assuming 51% PCI, 25% CABG, 24% medication

§ All costs were converted to 2007 euro

|| Assuming 70% PCI, 30% CABG, average yearly costs

of such patients in the cohort study. CVD events included coronary death, myocardial infarction,
coronary insufficiency, angina, stroke, cardiac arrest, peripheral arterial disease, and heart failure.
We estimated that symptomatic patients diagnosed with CAD who are subsequently treated (true
positives) will have a 1.5-fold (95%CI 1.3-1.7) CVD event rate compared to patients without
symptomatic CAD based on a multivariable Cox model reported from the EUROPA study(14).
Following a first CVD event, the CVD re-event rate will be 1.44 (95% CI 1.25 -1.66) times the
risk compared to that in a patient with CAD and no previous CVD event(14). We assumed that
the CVD event rate is reduced by treatment (HRR 0.63, range 0.44 — 0.88)(15, 16) modeled with
a combined average eftectivenesss of CABG, PCI, and medical treatment(17, 18). Missed CAD
patients (false negatives) forego the benefit of treatment implying reduced quality of life and a
2.4-fold (range 1.5-3.2) CVD event rate compared to a patient without CAD (Table 1)(15, 16).
Following a CVD event during follow-up in patients with an initial negative test result, CAD will
be diagnosed and treated. CVD-related 1-year mortality (including in-hospital mortality) fol-
lowing a CVD event was assumed to be 17% (range 10-25%)(16, 19, 20). Age- and sex- specific
risks of radiation-induced fatal cancer associated with performing CTCA or CCA were based on
reported estimates of lifetime attributable cancer incidence(21) and adjusted to reflect mortality
based on the BEIR VII report(22). Age- and sex- specific non-CVD mortality rates were obtained
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from the Dutch Central Bureau for Statistics(23). Technical details and assumptions are clarified

in the Technical Appendix.

Quality of life

Quality of life weights following treatment were a pooled weighted average taking into account
that 51% of patients with diagnosed symptomatic CAD undergo PCI, 25% undergo CABG and
24% will be on medication only(24), 5-years after CABG 15% and after PCI 16% of patients still
have angina(25), and the quality-of-life weight for angina is 0.74 (0.71-0.77) and without angina
0.87 (0.86-0.88)(25). Patients in whom the diagnosis was missed (false negatives) were assumed to
all have angina during follow-up until a CVD event occurred after which they would be diagnosed
and treated(25). A temporary disutility of 0.04 (0.02-0.07) QALY’s was modeled for a CVD event
(MI) during follow-up(26).

Costs

Costs for CTCA and CCA were determined with a cost-analysis and included direct healthcare
costs (personnel, materials, equipment), indirect health-care costs (housing, overhead), direct
non-healthcare costs (patient travel and time costs), and indirect non-healthcare costs (produc-
tion losses)(Table 1). Costs for CABG and PCI were based on estimates from the National Health
Care Authority (Table 1)(27). Annual costs for medical therapy for diagnosed CAD patients was
based on treatment with aspirin, nitrates, statins, and ACE-inhibitors and included 1 follow-up
visit per year (Table 1)(28). Costs for CVD events were estimated to range from €8000 to €18000,
which is consistent with previously published data(29). Costs for re-interventions were taken
into account using weighted averages of re-intervention rates for the different treatment options.
Non-CVD health-care costs arising from increased longevity (inducing costs associated with in-
creased life expectancy) were not taken into account to avoid a financial advantage of reduced lon-
gevity(30-32). All costs were converted to the year 2007 based on Dutch consumer price indices

and reported in euros(23).

Data analysis

To reflect the physician and patient’s perspective, we determined the revised (post-test) prob-
ability depending on the prior (pre-test) probability for positive and negative CTCA results based
on sensitivity and specificity from our cohort study and a meta-analysis(3). For the remaining
analyses we used the sensitivity and specificity from the cohort study. Next, we determined the
strategy that maximized life years (LYs) and quality-adjusted life years (QALYs) and calculated
the threshold prior probability below which CTCA would be preferred. In an analysis from the
hospital perspective we calculated the diagnostic costs and determined the threshold prior prob-
ability below which CTCA would be cost-saving. The analysis from the health-care perspective
considered QALYs and health-care costs and was performed according to UK recommendations

discounting both future costs and effectiveness at 3.5%(33, 34). Subsequently, we performed
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the cost-effectiveness analysis from the societal perspective according to US recommendations,
which considered QALYs, health-care costs, and direct non-health-care costs (patient time and
travel costs) and discounted both future costs and effectiveness at 3%(30-32). Finally, an analysis
from the societal perspective was performed according to Dutch recommendations, which, in
addition to the above, also took productivity losses (friction costs) into account and discounted
future costs and effectiveness at 4% and 1.5% respectively(35). A threshold willingness-to-pay of
€50000/QALY (range 40000-80000) was used.

Using 1- and 2-way sensitivity analyses we assessed the impact of varying each parameter across
its distribution. Probabilistic sensitivity analysis was performed drawing from all variable distri-
butions (Table 1) using Monte Carlo simulation of 100,000 samples. We calculated the probabil-
ity that performing CTCA as initial test was cost-effective compared to direct CCA for varying
willingness-to-pay thresholds and present acceptability curves. Expected value of perfect informa-
tion (EVPI; simulation with 100,000 samples) was calculated to assess the value of performing fur-
ther research and partial EVPI calculations (2-level simulation with 1000x1000 samples) identified

the parameters that were the major sources of uncertainty(36-38).

RESULTS

Study population

Data from 156 male and 77 female patients with stable angina in our cohort study were analyzed
of whom 113 (72.4%) and 33 (42.9%), respectively, had significant CAD on CCA. Patients were
on average 60 years old (ranging from 49-74), 151 (64.8%) presented with typical chest pain, 75
(31.8%) smoked, 149 (63.9%) had hypertension, 47 (20.2%) had diabetes mellitus, and 36 (15.5%)

had a prior myocardial infarction. Based on these risk factors the average annual hazard rate for
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a CVD event was 0.024 (range 0.014-0.077) for 60-year-old males and 0.014 (0.008-0.053) for

60-year-old females(13).

Baseline analysis
Patient and physician perspective

In the setting of a prior probability of disease below 40%, the revised post-negative CTCA prob-

ability is less than 1% (Figure 2), irrespective of whether the test characteristics of CTCA were

based on the meta-analysis or the cohort study. In contrast, the post-positive CTCA probability

varies over a wide range depending on the prior probability (Figure 2).
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Figure 3a. Sensitivity analysis on prior probabil-
ity of CAD in men. Threshold prior probability of
CAD below which CTCA (if positive followed by
CCA) is preferred to direct CCA from the perspective
of the patient, physician, hospital, health-care system,
and society. Above the threshold CCA optimizes
the criterion used. The analysis was performed for
60-year-old men with a risk factor profile as observed
in our cohort study. The cost-effectiveness analysis
was performed using recommendations from the UK,
US, and the Netherlands (NL) using a willingness-
to-pay threshold of €50000/QALY.

* Depending on the recommendations used (US,
UK, NL), the threshold below which CTCA is the
optimal strategy (when optimizing costs) varies from
85-94%

+t Depending on the recommendations used (US,
UK, NL), the threshold below which CTCA is cost-
effective varies from 69-70%

Figure 3b. Sensitivity analysis on prior probabil-
ity of CAD in women. Threshold prior probability
of CAD below which CTCA (if positive followed by
CCA) is preferred to direct CCA from the perspec-
tive of the patient, physician, hospital, health-care
system, and society. Above the threshold CCA opti-
mizes the criterion used. The analysis was performed
Sfor 60-year-old women with a risk factor profile as
observed in our cohort study. The cost-effectiveness
analysis was performed using recommendations from
the UK, US, and the Netherlands (NL) using a
willingness-to-pay threshold of €50000/QALY.

* Depending on the recommendations used (US,
UK, NL), the threshold below which CTCA is the
optimal strategy (when optimizing costs) varies from
88-96%

+t Depending on the recommendations used (US,
UK, NL), the threshold below which CTCA is cost-
effective varies from 68-69%

The analysis of LYs demonstrated that below a threshold prior probability of 68% in males and

71% in females, patients would on average benefit from CTCA as initial imaging test (Figure 3).

CTCA maximizes QALYs at a prior below 39-40% (Figure 3).
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Table 2. Cost-cffectiveness of initial CTCA followed by CCA if positive and direct CCA performed according to recommendations in the UK, US, and
Netherlands (NL) for 60-year-old men and women with a presentation and risk factor profile as observed in our cohort study. The results indicate that at
a threshold willingness-to-pay of €50000/QALY, CCA is optimal in men and CTCA is optimal in women irrespective of the recommendation used.

Incremental

Cost Effectiveness ICER NHB of CCA vs
Strategy €) (QALY) (€/QALY) CTCA
Men
UK
CTCA 34541 11.616
CCA 34674 11.621 30911 0.0016
usS
CTCA 37209 12.215
CCA 37340 12.219 28898 0.0019
NL
CTCA 388569 14.409
CCA 388687 14.415 22468 0.0029
‘Women
UK
CTCA 27044 13.330
CCA 27326 13.331 237945 -0.0046
us
CTCA 29198 14.124
CCA 29490 14.125 230912 -0.0046
NL
CTCA 252360 17.039
CCA 252720 17.041 238748.8 -0.0057

CTCA = 64-detector computed tomography angiography of the coronary arteries. CCA = conventional catheterization coronary angiography.

QALY = quality adjusted life year. ICER = incremental cost-effectiveness ratio. NHB = net health benefit. The ICER is calculated as the incremental
difference in cost divided by the incremental difference in QALY compared to the next best strategy. A strategy is dominated if another strategy is equally
effective or more effective and less costly. The incremental NHB is calculated as NHBCCA — NHBCTCA with NHB=QALY — (cost/50000) and
expressed in units of QALY equivalents.

Hospital and Health care perspective

CTCA minimizes diagnostic costs below a prior of 78% in both men and women. Using the UK
recommendations for cost-effectiveness analysis, health care costs were minimized below a prior
of 94% in men (96% in women) (Figure 3). The incremental cost-effectiveness ratio of CCA
compared to CTCA was €30911 per QALY gained in men (€237945 in women) (Table 2). In men,
performing direct CCA increased net health benefit compared to initial CTCA by 0.0016 QALY
equivalents whereas in women CTCA increased net health benefit by 0.0046 QALY equivalents
compared to CCA (Table 2).
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Societal perspective

Using the US recommendations for cost-effectiveness analysis, health care costs and direct non-
health care costs were minimized below a prior of 92% in men (95% in women) (Figure 3). The
incremental cost-effectiveness ratio of CCA compared to CTCA was €28898 per QALY gained in
men (€230912 in women) (Table 2). In men, performing direct CCA increased net health benefit
compared to initial CTCA by 0.0019 QALY equivalents whereas in women CTCA increased net
health benefit by 0.0046 QALY equivalents compared to CCA (Table 2).

Using the Dutch recommendations for cost-eftectiveness analysis, health care costs and direct
non-health care costs including production losses were minimized below a prior of 85% in men
(88% in women) (Figure 3). The incremental cost-effectiveness ratio of CCA compared to CTCA
was €22468 per QALY gained in men (€238749 in women) (Table 2). In men, performing direct
CCA increased net health benefit compared to initial CTCA by 0.0029 QALY equivalents whereas
in women CTCA increased net health benefit by 0.0057 QALY equivalents compared to CCA
(Table 2).

Sensitivity analyses

The prior probability thresholds were not sensitive to changes across plausible ranges of all pa-
rameter inputs, except for the sensitivity of CTCA. Varying the sensitivity of CTCA from 95% to
100%, the prior probability threshold below which CTCA maximizes QALYs ranged from 8% to

Test characteristic
based on:

97.0%

Sensitivity 56.0% meta-analysis

of CTCA e

99.3%
cohort study
63.2%

Specificity ©3.0%
of CTCA meta-analysis

94.0%

0% 10% 20% 30% 40% 50% B0% 70% B80% 90% 100%
Prior probability of CAD

B CTCA cost-effective @ CCA cost-effective

Figure 4. Two-way sensitivity analyses on test characteristics and prior probability of CAD. This graph shows the influence of the test charac-
teristics on the threshold prior probability above which CCA would be more cost-effective. The upper and lower bars refer to the range in sensitivity and
specificity as observed in the meta-analysis by Mowatt et al(3). The other bars refer to the sensitivity and specificity as observed in the cohort study (Table 1).
Note that the range of sensitivities used in this analysis is rather narrow, but the effect on the threshold prior probability is substantial. Although the range
of specificities used in this analysis is much wider, specificity does not alter the threshold prior probability as much as the sensitivity does. The analysis was
performed for women, using the UK recommendations for cost-effectiveness analysis.
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98%. Cost-effectiveness from the health care perspective using the UK recommendations was op-
timized at a threshold prior probability ranging from 42% to 69% for varying sensitivity of CTCA
(Figure 4). Varying specificity of CTCA and test costs had little effect. Varying the disutility in-
curred by a CVD event and the fatality rate associated with a CVD event did not alter the results.
The prior probabilities observed in our cohort study were consistent with Diamond & Forrester
for all patients except for women with typical angina. Table 3 summarizes the implications for the

optimal decision.

In probabilistic sensitivity analyses the probability that CTCA is cost-effective was 44% in men
and 81% in women for a threshold willingness-to-pay of €50000/QALY (Figure 5). Value of infor-
mation analysis showed an EVPI for further research of €50 per male patient and €47 per female
patient, which for the entire European Union (EU) population (500 million, annual incidence 4.5
per 1000) over a period of 5 years (discounted at 3.5%) amounts to approximately €0.5 billion and
for the USA population (300 million) over a period of 5 years (discounted at 3%) amounts to €0.3
billion. Partial EVPI calculations demonstrated that the expected value of information was mainly
due to uncertainty in the sensitivity of CTCA (€29/patient in males and €16 in females) and the
prior probability of CAD (€13 for males and €24 for females). The uncertainty in the parameters
related to long-term outcome, quality of life, and costs had a negligible partial EVPL
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Figure 5. Acceptability curves for the CTCA strategy. The acceptability curve plots the probability that a strategy is cost-effective, given a particular
willingness-to-pay threshold.
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of patients. Considering harms, benefits and costs altogether, our results suggest that using CTCA
as an initial test is cost-effective below a threshold prior probability of approximately 65%. Above
this threshold, direct CCA remains the preferred strategy

The use of UK, US, and NL recommendations for cost-effectiveness analyses did not influence
the results substantially. We demonstrate that apart from the perspective and optimization cri-
terion, the decision to use CTCA is highly dependent on the prior probability of CAD and the
sensitivity of CTCA. Furthermore, according to the observed probabilities in the cohort study and
those reported by Diamond & Forrester, our results suggest that CTCA increases life expectancy

Table 3. Prior probabilities of CAD and optimal strategy for various optimization criteria according to sex and type of chest pain for a population with
mean age of 60.

Males (n=156) Females (n=77)
Type of chest pain Typical Atypical Typical Atypical
(n=104) (n=52) (n=47) (n=30)
Prior probability according to:
the cohort study (%) 82 54 43 43
Diamond & Forrester (%)t 93 63 85 43
Strategy optimizing
LY’s CCA CTCA CTCA/CCA* CTCA
QALY’s CCA CCA CCA CCA
Costs CTCA/CCA* CTCA CTCA/CCA* CTCA
Cost-effectiveness CCA CTCA CTCA/CCA* CTCA

CTCA = 64-detector computed tomography angiography of the coronary arteries.

CCA = conventional catheterization coronary angiography

T Prior probabilities for 60-year-old patients were calculated by averaging the probabilities of age categories 50-59 and 60-69

* The estimate of prior probability as observed in our cohort study would favor using CTCA whereas the prior probability as reported by Diamond & For-
rester would favor using CCA. Furthermore, to minimize costs the decision also depends on which recommendation (UK vs US vs NL) is used.

and is cost-saving and cost-effective compared to CCA in the workup of patients with atypical
angina. A lower threshold exists (not addressed in the current study) below which the net gain of
doing CTCA is too small and would therefore not be cost-effective compared to either not testing

or performing another less invasive and less costly test.

Although our methods were different, our conclusions are consistent with those from previously
published cost-effectiveness analyses. An analysis reported by Dewey and Hamm(39) used costs
per correctly identified CAD patient as a measure of cost-effectiveness, did not consider costs of
subsequent treatment, and ignored the benefit of correct exclusion of CAD. Nevertheless, they
found a threshold of 60% prior probability of CAD below which CTCA is indicated. Kuntz and

others(40) examined the cost-effectiveness of several non-invasive functional (imaging and non-
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imaging) tests. Compared to exercise SPECT and exercise echocardiography, CCA had an incre-
mental cost-effectiveness ratio of $32600 and $35200 respectively for 50-59 year old men with
mild chest pain. This is similar to what we found for CCA compared to CTCA for men using the

US recommendations.

In 2007, the Health Technology Assessment Program performed a review on the cost-effectiveness
of different strategies for patients with stable chest pain(41). They reported cost-increases with
exercise SPECT (€527, non-significant) and with exercise echocardiography (€1043 significant)
compared to CCA. There was a non-significant increase in QALYs for both strategies (0.0362
and 0.0371) and the incremental cost effectiveness ratios were €14564/QALY and €28151/QALY,

respectively.

Mowatt et al. (42) recently reported a review on effectiveness and cost-eftectiveness of CTCA.
However, they did not find any previously published cost-eftectiveness analyses evaluating CTCA
as triage test prior to CCA. Their own analysis considering long-term outcomes compared CTCA

to stress ECG and myocardial perfusion scintigraphy only.

Our aim was to design a lucid decision model that would be easy to interpret that can guide deci-
sion making. Consequently, we had to make several assumptions. First, data related to CTCA, the
prior probability, and costs were obtained from the cohort study whereas the best-available pub-
lished evidence was used for parameters related to therapy and prognosis and in sensitivity analy-
ses. For example, we used the test sensitivity and specificity as reported in the cohort study(8).
However, a recent meta-analysis by Mowatt(3) reported a similar sensitivity but a much higher
specificity. Varying specificity, however, did not affect the results in a major way. Second, for the
purpose of estimating costs and disutility of a CVD event we assumed that CVD events were
mainly myocardial infarctions and that costs and disutility of other CVD events were similar to
that of myocardial infarctions. Third, the quality-of-life estimates were derived from Hlatky(25),
which was a study on multivessel CAD. This may be an underestimate of the quality-of-life of
patients with single vessel disease, which may therefore have overestimated the gain in effective-
ness with treatment, which would have caused a small bias in favor of CCA. Fourth, work-up for
chest pain following a negative CTCA was not modeled which may have caused a small bias in
favor of CTCA. In our analysis, CTCA was assumed to be a dichotomous test identifying patients
requiring some form of treatment for CAD. One could argue that physicians are primarily inter-
ested in diagnosing severe CAD, as these patients would be eligible for revascularization whereas
others can be adequately treated medically. Next, we did not consider other non-invasive tests but
rather considered only patients referred for CCA in whom either the history or functional testing
will have suggested the presence of cardiac ischemia. Furthermore, the cost and cost-effectiveness
analyses were based on European cost estimates because in this analyses we were interested in

evaluating how the different perspectives (health care system vs societal) and the different recom-
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mendations (UK vs US vs NL) would affect the results. Costs in the USA are generally higher as
is the willingness-to-pay threshold, which could lead to different results and merits further study.
Finally, it is important to note that the differences between the two strategies in terms of costs,
QALYs, and net-health-benefits were very small which is why we performed extensive (probabi-

listic) sensitivity analysis and value of information analysis.

We used modern techniques to evaluate whether further research is necessary and to inform the
choice of a future study. Value of information analysis showed a very high expected value of fur-
ther research for both Europe and the USA and indicated that future research should focus on
sensitivity of CTCA and developing clinical prediction rules for the diagnosis of CAD.

In conclusion, the indication for the use of CTCA depends on the optimization criterion, prior
probability of CAD, and sensitivity of CTCA. The results of our cost-effectiveness analysis sug-
gest that the use of CTCA as an initial test prior to conventional coronary angiography is cost-
effective in patients with a prior probability of CAD below 69% which implies that CTCA is
cost-effective in patients with atypical angina. Above this threshold, CCA remains the most cost-
effective strategy. To maximize patient outcomes a lower threshold applies and to minimize costs
a higher threshold should be used.

Role of the funding source

This study was funded by the Health Care Efficiency Research grant (number 945-04-263) from
the Netherlands Organisation for Health Research and Development, a Dutch governmental or-
ganisation, and by internal funding through a Health Care Efficiency grant from the Erasmus
University Medical Center, Rotterdam. The authors’ work was independent of the funding orga-
nizations. The funding organizations had no involvement in the design or conduct of this study;
data management and analysis; or manuscript preparation and review or authorization for submis-
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CT CORONARY ANGIOGRAPHY IN CARDIOTHORACIC SURGERY

INTRODUCTION

With the introduction of multislice CT scanners and its brisk development in recent years, imag-
ing of the small and rapidly moving coronaries has become feasible. With the last generations of
64-slice computed tomography and adequate patient preparation (which includes lowering of the
heart rate) sensitivities and specificities above 90% have been reported for the detection of coro-
nary artery stenoses in comparison with invasive coronary angiography CCA) (1-8). Especially
the high negative predictive value of = 98% found in these studies suggests that CT coronary
angiography (CTCA) may be a useful diagnostic technique to rule out the presence of coronary
stenoses in selected patients, especially those with a lower pretest likelihood of disease. An appro-
priate population, for example, may include patients undergoing cardiac valve surgery who have
a prevalence of concomitant coronary artery disease of 25-35% (9-12). Imaging of coronary artery
bypass grafts (CABG) is reliable, due to their larger diameter and lesser mobility. However, clini-
cal applications can be hampered due to difficulties in assessing the native coronary arteries in pa-
tients with previous CABG, because of the presence of severe calcifications (13). In patients who
undergo a redo CABG (14, 15) or totally endoscopic coronary artery bypass grafting (TECAB)
(16) CTCA can add incremental information in planning these complicated procedures. CTCA
provides three-dimension information of the intra-thoracic organs, an overview of the coronary
tree and bypasses and information on location, severity and plaque characteristics of coronary
artery disease. Furthermore, information on the cardiac valves and ventricle can be gathered. Dur-
ing CTCA a volume of data is obtained. By reconstruction of datasets with fixed intervals during

the R-R interval, functional information can be acquired of the cardiac valves and ventricle(17).
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PREOPERATIVE SCREENING FOR OBSTRUCTIVE
CORONARY ARTERY DISEASE

Pre-operative computed tomography coronary angiography to detect significant
coronary artery disease in patients referred for cardiac valve surgery

Meijboom WB, Mollet NR, van Mieghem CA, et al. JACC 2006, 48(8): 1658-1665

Background

Presence or absence of angina pectoris is a poor indicator of having obstructive coronary artery
disease (CAD) in patients with valvular pathology and current non-invasive stress tests lack diag-
nostic accuracy. Therefore, current ACC/AHA guidelines advise to perform an invasive coronary
angiogram prior to cardiac valve surgery in symptomatic patients and/or those who have an im-
paired left ventricular function in males over 35 years, post menopausal women, and pre-meno-
pausal women over 35 years old with risk factors for coronary artery disease (18). The authors
investigated the ability of non-invasive 64-slice CTCA to detect or rule out obstructive coronary

artery disease in patients undergoing valve surgery.

Interpretation

Hundred forty-five patients were screened in a consecutive patient cohort. After exclusion of 35
patients due to CTCA criteria, 13 patients due to general criteria and 27 patients for not giving
informed consent, 70 patients were enrolled in the analysis. Prevalence of having at least one sig-
nificant lesion defined as = 50 percent diameter reduction was 25,7 percent. In the per-patients
analysis CTCA had a sensitivity of 100 percent (18/18), a specificity of 92% (48/52), positive pre-
dictive value (PPV) of 82% (18/22) and a negative predictive (NPV) value of 100% (48/48) for

detecting or ruling out significant coronary stenosis.

Comment

Multiple studies using a 64-slice CT scanner have shown a good sensitivity and excellent negative
predictive value in patient populations with a high risk for having obstructive CAD. However,
the clinical benefit of CTCA lies in patient populations who have a low to intermediate risk for
having obstructive CAD. In this study, a CCA could have been saved in 92 percent (48/52) of
patients who did not have obstructive CAD. In 4 patients CTCA overestimated stenosis severity.
Significant stenoses were reported, but only lumen irregularities were seen on CCA. All patients
who did have obstructive CAD were detected. Limitations of this technique are the presence of
coronary calcifications, which gradually increase with elderly age. These calcium deposits create
blooming artefacts and comprise precise stenosis evaluation. Heart rate reduction with the use of

beta-blockers and/or benzodiazepines remains necessary to retain optimal image quality. Further-
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more, atrial fibrillation is often seen in this patient’s population and remains a contraindication
to perform a CTCA. This study shows promising results and demonstrates the expanding use of
CTCA in the clinical field.

POST BYPASS IMAGING

Use of 64-slice CT in symptomatic patients after coronary
bypass surgery: evaluation of grafts and coronary arteries

Malagutti B, Nieman K, Meijboom WB, et al. European Heart J. 2006, Jul. 17.

Background

The use of coronary bypass surgery to restore myocardial flow is widely used in patients with ad-
vanced CAD. During early and late post-operative follow-up patients can present with recurrent
chest discomfort and dyspnea. These symptoms can cither be caused by graft stenosis and occlu-
sion or by the progression of coronary artery disease in the native coronary system. Currently, in-
vasive catheter-based angiography is the reference method to evaluate both grafts and coronaries.
Non-invasive tests such as exercise-ECG, stress echocardiography and nuclear imaging can detect
myocardial ischemia, but are unable to determine the exact location of the culprit stenosis. In this

study both graft patency, distal run-ofts and non-grafted native coronaries were assessed.

Interpretation

After exclusion of 25 patients for various reasons, 52 patients were enrolled in the study. A total
of 109 grafts were evaluated. Sensitivity and specificity for the detection of at least a 50% diameter
stenosis on QCA were 100% and 98,3, respectively. Hundred twenty-three distal run-offs were
seen. Sensitivity was 88.8% (8/9), specificity 93% (106/114), positive predictive value 50% (8/16)
and negative predictive value 99% (106/107). Evaluation of the non-grafted vessels showed a sen-
sitivity of 100%, a specificity of 68,4%, PPV of 63,6% and a NPV of 100%.

Comment

Previous studies with 4-slice and 16-slice scanners had already showed the possibility of imaging
bypass grafts (19-21). Their diameter size, relative immobility in the thoracic cavity and the sparse
presence of calcifications make them relatively easy to visualize. Image quality can be impaired due
to the presence of metal orifice indicators, sternum wires and vascular clips. These high density
structures cause blooming artefacts which obscure the underlying lumen or plaque. Visualizing
the distal anastomosis is more difticult, which shows a slightly lower sensitivity and a positive pre-

dictive value of only 50%. The influence of cardiac motion is increased and the vessels are smaller
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with more advanced disease. The analysis of non-grafted vessels has an excellent sensitivity and
negative predictive value, but specificity and positive predictive value is lower. These results are
less good in comparison with studies performed in patients without previous CABG surgery (1-
8). Post-surgical patients are generally older and have more advanced atherosclerotic disease with
more calcified plaques. The use of CTCA will increase in the assessment of patients with prior
CABG. Although CCA remains the gold standard, it has its drawbacks. Besides the inherently in-
vasive nature of the procedure with its known risks, it is sometimes difficult and time-consuming
to find the origin of the graft and to selectively inject contrast. Especially when the exact procedure
of the prior CABG is unknown, CTCA can clearly display its anatomy and patency. A limitation of
CTCA remains that functional information is lacking. Finding the particular stenosis that causes
symptoms is therefore difficult, especially with the knowledge that CTCA tends to overestimate
severity of stenosis. In the near future combined systems, either SPECT-CT or PET-CT, will be

introduced, which will display both the anatomical information and the functional information.

PREOPERATIVE CTCA BEFORE CABG

Multi-detector row CT versus coronary angiography: preoperative
evaluation before totally endoscopic coronary artery bypass grafting

Herzog C, Dogan S, Diebold T, et al. Radiology 2003; 229:200-208

Background

The use of lesser invasive techniques like minimally invasive direct coronary artery bypass grafting
or totally endoscopic coronary artery bypass grafting (TECAB) is becoming increasingly clinically
important. However, one of the drawbacks in the latter technique is the lack of tactile perception
during operation. For identification of the target vessel and site for the anastomosis the operator in
solely depended on visual information. The trajectory of the coronaries can follow an intramural
course or can be buried deep inside the epicardial fatty tissue, making identification of the correct
anastomosis site difficult. Although preoperative conventional coronary angiography is the golden
standard to display the coronary tree, it lacks information of vessel wall characteristics. Further-
more, in case of chronic total occlusions without sufticient collateral filling the distal segments can

not be properly displayed by CCA.

Interpretation

All patients underwent a CTCA with a 4-slice CT scanner before the TECAB. CTCA properly
displayed relevant surgical coronary segments in 80% (154/194) versus 89% (172/194) in CCA.
As expected all calcified plaques were correctly identified with CTCA. Sensitivity and specific-
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ity were 76 % (42/55) and 99.6% (483/485), respectively. Bridging of coronary segments through
either myocardium of epicardial fat was better seen with CTCA versus CCA. Final distal by-
pass touchdown segments were better identified with CTCA 76% (28/37) than with CCA 70%
(26/37).

Comment
In this study the additive value of CTCA besides CCA is nicely evaluated.

Especially in this relatively new surgical technique that lacks tactile information, precise informa-
tion on intrathoracic orientation and target vessel characteristics are valuable. 3D software can give
a three-dimensional overview of the entire thorax, depict the presence of coronary anomalies and
give an anatomical overview of the coronary tree. Vessel characteristics with information distally
of chronic total occlusions with collateral filling, the presence of non-calcified or calcified plaques

and pre-operative knowledge of target sites for placement of bypasses will facilitate surgery.

The development of newer CT-scanners, like the 16, 64 slice and dual source scanners will fur-
ther improve image quality, due to better spatial and temporal resolution and faster scan acquisi-

tion which will increase the percentage of evaluable relevant coronary segments.

CTCA GUIDED PLANNING OF
REDO CARDIAC SURGERY

Three dimensional computed tomography imaging in planning the surgical
approach for redo cardiac surgery after coronary revascularization

Gasparovic H, Rybicki F], Millstine ], et al. Eur | Cardiothorac Surg 2005;28(2):244-9.

Background

Patients with a history of CABG, who undergo redo cardiac surgery, have a higher risk for com-
plications than patients undergoing their first CABG (22). Re-entering the thorax has the risk of
damaging patent coronary grafts or injuring other vital mediastinal structures like the aorta and
right ventricle. Pre-operatively chest radiography (CXR) and CCA are normally performed to
have insight into the mediastinal anatomy(23). However, both these techniques provide only lim-
ited and imprecise anatomic information. In this study the additive value of preoperative CTCA

was quantified, when performed in conjunction with the standard of care.
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Interpretation

All 33 patients were scanned with a 16-slice scanner. The correlation for distances measured by
CXR and CCA from the LIMA-LAD graft, circumflex and right coronary artery graft, and the
distance from the right ventricle and the aorta to the posterior sternum were all poor (R < 0.6).
The combined evaluation of CXR and CCA oftered incomplete insight into pertinent mediastinal
topography in 85% of patients. In seven patients (21%) the surgical strategy was moditied based on

the location of patents grafts in the mediastinum.

Comment
In conclusion the authors state that both CXR and CCA only provide a rough estimate of the

positions of grafts in relation to the midline and the posterior surface of the sternum.

CTCA, in comparison, provided an accurate assessment of the position of various vital mediasti-
nal structures and delineated the relationship between bypass grafts, right ventricle aorta and the
posterior sternum. CTCA can give additional information about the plaque burden of the ascend-
ing and descending thoracic aorta, pathology of the cardiac valves and left ventricular function.
The authors advise implementation of routine preoperative CTCA evaluation of cardiac surgical
patients with previous CABG to prevent potential catastrophically complications by revising sur-
gical strategy (15).

ASSESSMENT OF VALVES WITH CT
CORONARY ANGIOGRAPHY

Multislice Computed Tomography for detection of patients with
aortic valve stenosis and quantification of severity.

Feuchtner GM, Dichtl V] Friedrich GJ, et al. JACC 2006, 47(7): 1410-1417

Background

Aortic valve replacement for degenerative aortic valve stenosis (AS) is nowadays a common op-
eration for the cardiac surgeon. The presence and severity is routinely assessed by transthoracic
echocardiography (TTE) using the Doppler continuity equation approach. Other approaches for
diagnosis and quantification are transesophageal echocardiography (TEE), cardiac MRI and car-
diac catherization. During the last five years an exponential increase of the use of CTCA as a
first non-invasive approach to visualize the coronaries is seen. During this acquisition the entire
heart is scanned, which makes it possible, using dedicated reconstructions, to assess both the left

ventricle as the valves and its pathology. In this study the diagnostic accuracy for the detection of

13

219



CT CORONARY ANGIOGRAPHY IN CARDIOTHORACIC SURGERY

severe aortic valve stenosis was analyzed using a 16-slice CT scanner. The diagnostic cut-off for
patients with AS was a peak transvalvular velocity > 2m/s on TTE. Thirty patients had known
AS en 16 patients suspected CAD. Furthermore, the severity of aortic stenosis was measured with
TTE (aortic valve area, AVA).

Interpretation

The sensitivity of CTCA to detect degenerative aortic valve stenosis was 100% (30/30) and speci-
ficity was 93.7% (15/16), PPV was 97% (30/31), NPV was 100% (15/15). The linear regression
revealed a good correlation between the AVA quantified by CTCA and TTE (r: 0.89; p <0.001)
in patients with aortic valve stenosis. The Bland-Altman plot demonstrated a good intermodal-
ity agreement between CTCA and TTE with a slight overestimation of the aortic valve area by
CTCA. (+0.04cm?).

Comment

TTE will remain the diagnostic tool of preference, as also stated by the authors. TTE is safe,
relatively easy and fast to perform and widely available. Furthermore, other alternative as TEE
and MRI are at hand. Although CTCA doesn’t provide flow information it does give the possibil-
ity to visualize the valvular anatomy and to measure the AVA and the diameter of the annulus.
Newer scanners have a temporal resolution of up to 83 msec with the dual-source scanners, and a
higher spatial resolution of 0.4 mm. These characteristics may make the evaluation of valve more
reliable. The use of CTCA will primarily be used for imaging of the coronaries. However, other
cardiac pathology, like aortic valve stenosis, will be detected given the excellent spatial resolution.
The prevalence of these pathologies will be lower than in the studied patient group (65%, 30/46).
Other indications for CTCA of the valves and aortic annulus are pre-procedure placement of
percutaneous valves. An exact measurement of the diameter of the annulus, the amount and lo-
calisation of calcifications and the origins of the right en left coronary arteries have to be acquired

to guarantee successful placement of these percutaneous valves.

CONCLUSION

In conclusion, the last few years have seen continued exciting developments in CT angiographic
imaging. Although many papers have been written on the diagnostic accuracy of CTCA for steno-
sis detection, relatively few papers discuss the use of CTCA for cardiothoracic surgical indica-
tions. However, the use of CTCA in clinical practice will probably increase gradually with the
developing experience of cardiologist, radiologist and cardiothoracic surgeons. In particular, there
is significant interest for CTCA to be used as gatekeeper for CCA in patients scheduled for cardiac
valve surgery, as the need for an additional invasive procedure is avoided in the majority of cases.

Furthermore, in patients who undergo redo cardiac surgery, imaging of the thorax helps the sur-
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geon to reconstruct a 3D view of the intra-thoracic structures thereby reducing the risk for major

complications.

Figure 1. A CT image displays a patent right coronary artery without any signs of coronary artery disease (C). The bright white spots represent severe
calcifications of the aortic valve. The CCA confirms the patency of the right coronary artery (D).

Figure 2. Volume-rendered reconstruction (I) and curved multiplanar reformations (ILIV) of a CT scan and corresponding conventional angiography
(111, V), which show an occluded left internal mammary artery (LIMA, arrow in LILIII) and obstructed vein graft (SVG). The venous graft has three
coronary anastomoses: second diagonal branch (D2), first marginal branch (MO1), posterior descending artery (PDA), of which the terminal segment is
significantly stenosed (arrow I, IV, V).
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PREOPERATIVE CT CORONARY ANGIOGRAPHY TO DETECT SIGNIFICANT CORONARY ARTERY DISEASE IN PATIENTS REFERRED FOR CARDIAC VALVE SURGERY

ABSTRACT

Objectives
We studied the diagnostic performance of 64-slice CT coronary angiography (CTCA) to rule out
or detect significant coronary stenosis in patients referred for valve surgery.

Background
Invasive conventional coronary angiography (CCA) is recommended in most of patients sched-

uled for valve surgery.

Methods

During a 6-month period, 145 patients were prospectively identified from a consecutive patient
population scheduled for valve surgery. Thirty-five patients were excluded because of CTCA cri-
teria; irregular heart rhythm (n= 26), impaired renal function (n=>5) and known contrast allergy
(n= 4). General exclusion criteria were; hospitalization in community hospital (n=4), no need for
CCA (n=4), previous coronary artery bypass surgery (n=1) or percutancous coronary interven-
tion (n=4). Of the remaining 97 patients, 27 denied written informed consent. Thus, the study
population comprised 70 patients (49 male, 21 female; mean age 63 * 11years).

Results

Prevalence of significant coronary artery disease, defined as having at least one = 50% stenosis per
patient was 25.7%. Beta-blockers were administered in 71% and 64% received lorazepam. The
mean heart rate dropped from 72.5+12.4 to 59.5%7.5 bpm. The mean scan time was 12.8+1.3
seconds. On a per-patient analysis the sensitivity, specificity, positive and negative predictive value
were: 100% (18/18; 95% CI, 78-100), 92% (48/52; 95% CI, 81-98), 82% (18/22; 95% CI, 59-94),
100% (48/48; 95% CI, 91-100), respectively.

Conclusions
The diagnostic accuracy of 64 slice CTCA for ruling out the presence of significant coronary
stenoses in patients undergoing valve surgery is excellent and allows CTCA implementation as a

gatekeeper for invasive CCA in these patients.
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INTRODUCTION

Pre-operative detection of obstructive coronary artery disease (CAD) with conventional coronary

angiography (CCA) is recommended in most of patients scheduled for valve surgery (1).

Although CCA is considered a safe procedure it still carries a small, but relevant risk for major
(death, stroke or vascular dissection) and minor (inguinal haematoma) complications (2). Further-
more, the catheterization-procedure is rather expensive, as its invasive nature involves admission
to a hospital or day-care facility and requires surveillance of an experienced team. A non-invasive

patient-friendly pre-operative work-up for these patients would be desirable.

The newest—generation 64 slice CT scanner with improved spatial and temporal resolution shows
excellent diagnostic accuracy to detect significant coronary artery lesions (3-6). In this study we
evaluated the clinical value of computed tomography coronary angiography (CTCA) in patients

scheduled for elective surgical valve surgery.

METHODS

Study population

During a 6-month period we screened 145 consecutive patients scheduled for valve surgery. Pa-
tients were contacted before their final pre-operative appointment requesting them to conduct an
additional CTCA. Thirty-five patients were excluded because of CTCA criteria and 13 patients
because of general criteria (Table 1). Of the remaining 97 patients 27 denied written informed
consent. Thus, the study population comprised 70 patients (49 male, 21 female; mean age 63 =+

11 years). The institutional re-

Table 1. Patient Inclusion view board of the Erasmus MC

Screened patient population 145 Rotterdam approved the study
Atrial fibrillation/ severe arrhythmia 26 and all subjects gave written
Impaired renal function (serum creatinine > 120 mmol/L) 5 informed consent.
Known contrast allergy 4

Patient population after CTCA exclusion criteria 110 Patient prep aration
Hospitalisation in community hospital 4 Patients with an aortic steno-
Percutancous coronary intervention 4 sis and a good left ventricular

Coronary artery bypass graft 1 function (LVF) with a heart

No conventional angiogram 4 rate CXCCCdil’lg 65 bpm were

Patient population after general exclusion criteria 97 given 50 mg metOprolol and
Refusal informed consent 27 1 mg lorazepam 60 minutes

Final patient population 70 before the CT-scan. If the LVF
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was impaired beta-blockers were withheld and only lorazepam was administered. Patients with
other valve pathology and a heart rate above 65 and 70 bpm were given 1 mg of lorazepam and 50
and 100 mg metoprolol, respectively. If the LVF was impaired in these patients the doses of beta

blockers were reduced or not given.

Scan protocol

All scans were performed with a 64-slice CT scanner having a temporal resolution of 330 msec
and a spatial resolution of 0.4 mm?® (Sensation 64, Siemens, Forchheim, Germany). Angiographic
scan parameters were: number of slices per rotation, 32X2; individual detector width, 0.6 mm;
table feed, 3.8 mm per rotation, tube voltage, 120 kV; tube current, 900 mAs. Prospective x-ray
tube modulation was not used. Calcium scoring parameters (similar unless indicated) were a tube
current of 150 mAs and prospective x-ray tube modulation was used. The radiation exposure for
CTCA with this scan protocol was calculated as 15.2 to 21.4 mSv (for men and women respec-
tively) using dedicated software (WinDose, Institute of Medical Physics, Erlangen, Germany)
which is in line with previously reported x-ray radiation exposure (7,8). The radiation exposure
of calcium scoring (including prospective x-ray tube modulation) was calculated as 1.3 to 1.7 mSv

(for men and women, respectively) (9).

A bolus of 100 ml of contrast material (400 mgl/mL; lomeronTM, Bracco, Milan, Italy) was in-
jected intravenously in an antecubital vein at 5 mL/s. A bolus-tracking technique was used to syn-
chronize the arrival of contrast in the coronary arteries and the scan was started once the contrast

material in the ascending aorta reached a predefined threshold of +100 Hounsfield units.

Image reconstruction

The post-processing technique to acquire the best possible image quality is previously described
by Mollet et al. (6). In short, images are obtained during a half x-ray tube rotation, resulting in an
effective temporal resolution of 165 msec. Images were reconstructed with ECG gating to obtain
near motion-free image quality. Optimal data sets were reconstructed in the mid- to end-diastolic
phase. If non-diagnostic image quality was obtained, additional datasets were reconstructed in the

end systolic phase.

Quantitative coronary angiography (QCA)

All scans were carried out within two months after CCA. One experienced cardiologist, unaware
of the results of CTCA, identified and analyzed all coronary segments, using a 17-segment modi-
fied AHA classification (10).

All segments, regardless of size, were included for comparison with CTCA. Segments were clas-
sified as normal (smooth parallel or tapering borders), as having non-significant disease (wall

irregularities or <50% stenosis) or having significant stenosis (stenosis =50%). Stenoses were
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evaluated in two orthogonal views, and were classified as significant if the mean lumen diameter
reduction exceeded 50 % measured by validated quantitative coronary angiography (QCA) algo-
rithm (CAAS, Pie Medical, Maastricht, the Netherlands).

CT image evaluation

One observer analyzed total calcium scores of all patients with dedicated software and results
were expressed as Agatston score (11). Two experienced observers, a radiologist and a cardiologist,
unaware of the results of CCA, evaluated the CTCA data sets on an oftline workstation (Leon-
ardo, Siemens, Forchheim, Germany). The axial slices were initially evaluated for the presence of
significant segmental disease and additionally (curved) multiplanar reformatted reconstructions
were used. Segments distally to a chronic total occlusion were excluded because of poor distal

filling by collaterals. Inter-observer disagreements were resolved by consensus in a joint session.

Statistical analysis

The diagnostic performance of CTCA for the detection of significant stenoses in the coronary
arteries with QCA as the standard of reference is presented as sensitivity, specificity, positive- and
negative predictive values with the corresponding 95% Cls. Positive (Sensitivity/ [1-Specificity])
and negative ([1-Sensitivity]/Specificity) likelihood ratios are given. The likelihood ratio incorpo-
rates both the sensitivity and specificity of a test and provides a direct estimate of how much a test
result will change the odds of having a disease. Post-test odds can be calculated by multiplying the
pre-test odds by the likelihood ratios.

Comparison between CTCA and QCA was performed on three levels: patient-by-patient, vessel-
by-vessel and segment-by-segment analysis. Furthermore, the relation of angina pectoris to angio-

graphically significant CAD was analyzed.

A subanalysis was performed for patients with aortic stenosis compared to other valve pathology
and patients with or without angina pectoris. An unpaired two sided student t test was performed
to reveal possible differences in age, calcium score and heart rate during the CTCA between both

groups. P-values <.05 were considered statistically significant.

An additional sensitivity analysis was done to investigate the effect of nesting; repeated assess-
ments (segment by segment and vessel by vessel) within the same patient were made that were
not independent observations. Interobserver and intraobserver variability for the detection of sig-

nificant coronary stenosis was determined by k-statistics.
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Table 2. Patient demographics (n=70)

Age (yrs) §

Aortic stenosis (yrs) §
Other valve pathology (yrs) §
Males

Symptoms

Angina pectoris

No angina pectoris
Previous MI

Risk factors
Hypertension
Hypercholesterolemia
Diabetes mellitus
Smoker

Ex-smoker

Family history of CAD

Obese (body mass index = 30 kg/m?)

Calcium score, median*
Aortic stenosis, median*
Other valve pathology, median*
Valve operation

Aortic valve stenosis

Mitral valve insufficiency
Aortic valve insufficiency
Mitral valve stenosis
Pulmonary valve insufticiency
Congenital aortic stenosis
Tricuspid valve insufticiency
Tricuspid valve stenosis
Re-operation

Conventional angiography
Absence of coronary disease
Nonsignificant disease
Single-vessel disease

Multivessel disease

Values are n (%) unless otherwise indicated

§ Ranges age
*Agatston score

14

63 = 11 (35-80)

68 = 8 (44-80)

59 = 11 (35-80)
49/70 (70)

21 (30)
49 (70)
5(7)

33 (47)
29 (41)
23)
15 (21)
4 (6)
26 (37)
11 (16)
2144
391.9
116.6

31 (44)

24 (34)
9 (13)
209

209
209
(1)
1)
6(9)

17 (24)
35 (50)
11 (16)
7(10)

RESULTS

Patient demographics are shown in Ta-
ble 2. One patient had combined valve
pathology: aortic stenosis and mitral re-
gurgitation. Beta-blockers were adminis-
tered in 71% of patients and 64% received
lorazepam. The mean heart rate in these
patients dropped within 60 minutes from
7312 to 60=8 bpm. The mean scan
time was 12.8+1.3 seconds. Initially all
data-sets were reconstructed in the mid-
to end diastolic phase. In 30% of the cases
(21/70) additional higher quality recon-
structions from data of the end-systolic

phase were used.

Diagnostic performance of 64-slice
CT coronary angiography:
patient-by-patient analysis

The diagnostic performance of CTCA
for detecting significant stenoses on a pa-
tient-based analysis is detailed in Table 3.
CTCA documented absence of significant
disease in 48 patients for an overall speci-
ficity per-patient of 92 % (Figure 1). The
severity of a stenosis was overestimated
in four patients who were misclassified
as having significant CAD. CTCA cor-
rectly identified significant disease in all
patients (18/70, prevalence 25.7%) with
at least one significant stenosis, resulting
in a sensitivity per-patient of 100% (Fig-
ure 2). An accurate determination of the
presence or absence of significant coro-
nary artery disease was made in 66 of 70
patients (94%). In 3 out of 11 patients
with single-vessel disease, another steno-
sis was detected with CTCA. The sever-



ity of these stenoses was overesti-
mated, which resulted in incorrect
classification as multivessel disease.
Agreement between CTCA and
QCA on a per-patient level was
very good (k-value, 0.86), agree-
ment between both techniques for
classifying patients as having no,
single vessel or multivessel disease

was good (k-value, 0.78).

Diagnostic performance

of 64-slice CT coronary
angiography: vessel-

by-vessel analysis

The mean total per vessel calcium
score for the LAD, RCA and CX
was 96.72, 47.89 and 40.22, respec-
tively. The diagnostic performance
of CTCA for detecting significant
stenoses is detailed in Table 3. All
vessels with significantly disease, as

classified by QCA, were detected

Figure 1. Three different types of post-processing techniques are shown: volume-rendered
with CTCA. Of a total of 280 ves- (VRT) CTCA images (A,B), a maximum intensity projected (MIP)- (C) and three

. . curved multiplanar reconstructed images ((MPR, E,F,G) show a patent right coronary ar-
sels, the severity of the stenoses in tery which is confirmed by CCA (D). The bright white spots (C, E, G) represent calcifica-

these eight vessels. six in the LAD tions of the stenotic aortic valve. (A full color version of this illustration can be found in the
b
color section).

and two in the RCA, were overesti-
mated and scored as false positives.
Agreement between CTCA and
QCA on a per-vessel level was very
good (k-value, 0.85).

Diagnostic performance of 64-slice CT coronary

angiography: segment-by-segment analysis

A total of 1003 segments were included for comparison with QCA. Inter- and intraobserver vari-
ability for detection of a significant stenosis per segment had a k-value of 0.71 and 0.74, respec-
tively. The diagnostic performance of CTCA for detecting significant stenoses is detailed in Table
3. Two significant stenoses were detected by CTCA but the severity of the stenosis was under-

estimated. Both lesions were adjacent to a correctly detected stenosis. Eighteen non-significant
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Figure 2. Volume-rendered (VRT) CTCA image (A,B) reveal the
anatomy of the left coronary artery. Two cMPR (E,F) disclose a sig-
nificant stenosis in the left anterior descending coronary artery which
was corroborated by CCA (C,D). Although the VRT images provide
an excellent overview of the coronary anatomy they should not be used
for the diagnostic assessment of presence of coronary stenoses. (A full color
version of this illustration can be found in the color section).

stenoses were detected with CT and the se-
verity of the stenoses was overestimated re-
sulting in false positive scores. CCA revealed
5 wall irregularities and 13 nonsignificant
stenoses, while the majority (83.3%, 15 of 18)

of these segments was calcified.

The presence of coronary calcium induced
overestimation of the severity of these stenos-
es with the CT scan (Table 4). Agreement
between CTCA and QCA on a per-segment
level was good (k-value, 0.76).

To exclude the possible confounding effect of
nesting random selection of a single segment
per patient was done and the diagnostic ac-
curacy for detecting significant artery disease
resulted in a sensitivity 100 % (5 of 5; 95% CI, 46 to 100), specificity 98 % (63 of 64; 95% CI, 90
to 100), positive predictive value 83 % (5 of 6; 95% CI, 36 to 99), negative predictive value 100 %
(63 of 63; 95% CI, 93 to 100).

Sub-analysis for patients with aortic stenosis vs. other valve pathology

The sub-analysis comprised 31 patients with aortic stenosis and 39 with other valve pathology.
The diagnostic performance of CTCA for detecting significant stenoses on a patient-based analy-
sis in patients with and without aortic stenosis is detailed in Table 3. The average age (68 vs. 59
yrs.; p: 0.0004) and calcium score (391.9 vs.116.6; p: 0.02) of patients with aortic stenosis was sig-
nificantly higher than in patients not having aortic stenosis (Table 2). The heart rate during CTCA
for both groups was the same (both 60 bpm).

The relation of angina pectoris to significant coronary artery disease
The discordance between angina pectoris and the presence of significant CAD is displayed in
Figure 3. Twwenty-one patients had angina pectoris of which 8 had significant obstructive disease.

Moreover, 10 patients out of 49 without angina pectoris did have significant stenoses. The diag-
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Total patient Figure 3. TP indicates true positive; TN,
p°,’3"j'|7ag°" true negative; FP, false positive; FN, false
- negative.
Yes No
N: 21 Angina pectoris? N: 49
Positive Negative Positive Negative
N:9 N:12 CTCcA N:13 N: 36
P8 N: 12 I TP:10 N: 36
FP:1 FN: 0 FP:3 FN: 0

nostic accuracy of angina pectoris was calculated and the sensitivity, specificity, positive en negative
predictive value were 44% (8 of 18; 95% CI, 22 to 67), 75% (39 of 52; 95% CI, 61 to 86), 38% (8
of 21; 95% CI, 19 to 61) and 80%, (39 of 49; 95% CI, 65 to 89), respectively.

DISCUSSION

The presence of concomitant obstructive coronary artery disease in patients undergoing cardiac
valvular surgery worsens prognosis (12-14). Various studies have shown that combined valve and
bypass surgery of significant CAD, reduced early and late mortality (13,15). Because aortic steno-
sis and CAD share common risk factors and occur with advancing age and mitral regurgitation is
often the consequence of CAD, concomitant significant CAD is found in approximately one third
of these patients (16-19). Angina pectoris is present in 25%—to 35% of patients with valvular heart
disease. Angina pectoris is a poor predictor of obstructive CAD in patients with valvular disease
because angina pectoris can have multiple causes such as left ventricular enlargement, increased
wall stress or wall thickening with subendocardial ischemia (17,20). This was also shown in our
study and the low sensitivity of 44% and specificity of 75% is in keeping with the results observed
in earlier reports. The value of non-invasive ECG-stress testing to detect concomitant CAD is
limited due to the presence of left ventricular hypertrophy and left bundle branch block in pa-
tients with valvular disease. Resting or exercise induced wall motion abnormalities and myocardial
perfusion abnormalities, as seen with stress echo and nuclear tests lack sufficient accuracy for reli-
able detection of concomitant CAD (21-24).

Due to the poor predictive value of angina pectoris and the lack of accuracy of non-invasive tests,
the following guideline is recommended by the ACC/AHA committee; pre operative CCA is in-
dicated in symptomatic patients and/or those with left ventricular dysfunction in men =35 years,
pre-menopausal women =35 years with risk factors for CAD, and post-menopausal women (1).

Non-invasive coronary angiography using 4 and 16 slice computed tomography is a relatively

14



recent development. The early results were promising but lacked sufficient robustness to be use-
ful in clinical practice, but the diagnostic performance of 64 slice CT-scanners to detect coronary
stenoses is very good in patients who have a high prevalence (more than 70%) of CAD. In these
patients the negative predictive value of 64 CT-scanners is very high, allowing to exclude the
presence of significant coronary artery disease (3-6). However, there is little information about
the diagnostic performance of CT-coronary angiography in patients with a low or intermediate

prevalence of coronary artery disease.

In our study the prevalence of concomitant CAD was 25.7%. We found that significant coronary
stenoses were detected using a 64 slice CT scanner with a sensitivity of 100% and a specificity of
92% compared with CCA. A negative CT scan was correct in 92% (48 out of 52) patients in rul-
ing out significant disease and all patients (18/18) with significant CAD were correctly diagnosed.
The stenosis severity was overestimated in 4 patients using CTCA. Given the high reliability of
CTCA, this would mean that CCA could have been avoided in 69% (48/70) of patients, in 26%
(18/70) a CCA was performed to confirm the CTCA diagnosis and in 6% (4/70) an unnecessary
CCA would have been performed on the basis of CTCA outcome.

Coronary calcium

The presence of calcium causes problems in the correct interpretation of the CTCA. Calcium cre-
ates blooming artefacts, which obscure the visualization of the underlying non-calcified plaque or
lumen. Calcium tends to overestimate the severity of adjacent lesions either due to the blooming
effect itself or in case of doubt or fear of “missing” a significant stenosis a “defensive” scoring is
exercised. This has led to an ongoing debate whether a CTCA should be aborted when the cal-
cium score exceeds a certain threshold. A generally accepted cut-oft value is lacking and proposed
thresholds are arbitrarily chosen. Usually a cut-oft level is chosen derived from the total calcium
score. The total calcium score is somewhat misleading, because calcium distributed along the
entire coronary tree would make the interpretation of a CTCA examination relatively easy, while

a single heavily calcified plaque would make interpretation doubtful.

Recently, Gilard et al. reported of a good accuracy of a 16 slice scanner in 55 patients referred for
elective aortic valve surgery who had a mean calcium score of 609 = 860 (25). They used the
Agatston score of = 1000 as a cut-oft point by showing that patients with this score had a higher
frequency of non-interpretable segments. In our subgroup of patients with aortic stenosis we
found, not unexpectedly, also a higher calcium score. In this subgroup the diagnostic accuracy of
CTCA was lower because the extensive calcifications negatively influenced grading of stenoses

and resulted in overestimation of the stenosis severity.

What would be the role of CTCA in patients referred for CCA prior to cardiac valve surgery? We

do recommend to first obtain a calcium score in all patients without atrial fibrillation, persistent
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irregular heart rhythm or renal dysfunction. If the calcium score exceeds = 1000, we would advice
not to proceed with CTCA. If lower, patients may be advised to undergo CTCA. Patients with
a scan negative for significant CAD can directly be referred for cardiac valve surgery. In case of
doubt, and in the presence of significant CAD, a confirmative CCA is required to either confirm

or refute the presence of significant CAD.

Heart rate reduction in patients in patients with heart rates > 65 bpm is part of the protocol
used with current 64 slice CT-scanners to increase image quality. Next generation dual-source
CT scanners will allow scanning at higher heart rates due to the improved temporal resolution
of 83 ms, thereby avoiding the use of heart rate reduction with beta-blockers (26,27). Especially,
patients with severe aortic stenosis would benefit since the administration of beta-blockers is lim-
ited. The radiation exposure can be decreased with the ultrafast dual-source CT scanner during

higher heart rates and use of x-ray tube modulation compared to 64 slice CT scanning.

LIMITATIONS OF THE STUDY

The presence of atrial fibrillation, which occurs frequently with mitral valve disease precludes
the use of CTCA and was indeed a significant reason for exclusion in our study. Only patients
scheduled for elective valve surgery were screened and patients in acute settings with hemody-
namic comprise were not studied. Since most patients were referred from community hospitals
for valve surgery, the pre-operative diagnostic work-up, including the CCA, was performed in
many study patients which may have created a bias, although the CT scoring was done blinded to
the coronary angiogram. The rather high radiation exposure of CTCA as compared to conven-
tional coronary angiography is of concern (7,8). The radiation exposure can be reduced by 50%
with use of prospective X-ray tube current modulation (28). However, this limits the possibility to
reconstruct valuable datasets during the end-systolic phase (29). In our study we found that 30%
of the patients end-systolic phase reconstructions were useful and were of higher image quality

than the mid-to-end diastolic phase reconstructed images.

CONCLUSIONS

The diagnostic accuracy of 64 slice CTCA for ruling out the presence of significant coronary le-
sions in patients undergoing elective valve surgery is excellent and allows CTCA implementation

as a gatekeeper in these patients.
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64-SLICE CT IN SYMPTOMATIC PATIENTS AFTER CORONARY BYPASS SURGERY - EVALUATION OF GRAFTS AND CORONARY ARTERIES

ABSTRACT

Objectives
We explored the diagnostic performance of 64-slice CT in symptomatic patients after bypass sur-

gery, for the assessment of both grafts and native coronary arteries.

Background
Although previous generations of multi-slice CT have demonstrated accurate detection of ob-
structive bypass graft disease, progression of coronary disease is a more frequent cause for

ischemic symptoms late after bypass graft surgery.

Methods
64-slice CT angiography (Siemens Sensation 64, Germany) was performed in 52 symptomatic
patients, 105 years after bypass surgery. Tiwo independent, blinded observers assessed all grafts

and coronary arteries for stenosis, using conventional quantitative angiography as a reference.

Results

A total of 109 grafts (182 graft segments), 123 distal coronary run-ofts and 116 non-bypassed
coronary branches (288 segments) were analyzed. Per-segment detection of graft disease yielded
a sensitivity of 99% (71/72) and specificity of 96% (106/110). Sensitivity and specificity to detect
run-off disease were 89% (8/9) and 93% (106/114), positive predictive value was 50% (8/16). In
non-grafted coronary segments, CT detected significant stenosis with a sensitivity and specificity
of 97% (62/64) and 86% (192/224). Overestimation occurred more frequently in calcified seg-
ments (P=0.002).

Conclusion
64-slice CT allows angiographic evaluation of grafts and coronary arteries, although overestima-

tion of coronary obstruction occurs, particularly in the presence of calcified disease.
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INTRODUCTION

Restoration of myocardial flow by coronary artery bypass surgery (CABG) is performed in ap-
proximately 300.000 patients in the USA, annually. Often this is not a permanent solution, as up
to 10% of grafts occlude during or shortly after surgery, and 59% of venous grafts and 17% of arte-
rial grafts occlude within 10 years.! Although symptoms may be the result of graft failure, anginal
complaints later after surgery (nearly 50% within 6 years®® are mostly caused by progression of

obstructive disease in the native coronary arteries.*

Although catheter-based angiography is the reference method for detection of bypass graft dis-
ease, it is an invasive procedure that is costly and carries potential risk of harm. Non-invasive tests
such as exercise-ECG, stress- echocardiography and nuclear imaging are useful for detection of
myocardial ischemia, but are unable to exactly determine the site and extent of obstructive disease.
Therefore, a number of non-invasive imaging techniques have been explored for non-invasive
angiographic assessment of coronary artery bypass grafts. Magnetic resonance imaging>®, conven-

tional CT"?, electron-beam computed tomography!'®-'?

and (multi-slice) spiral computed tomog-
raphy (CT)"* all allow accurate detection of graft occlusion, and more recently graft stenosis,
although assessment of the coronary arteries has rarely been included in these studies. In patients
without graft surgery the diagnostic performance of MSCT coronary angiography is good®-*
Only few studies in post-CABG patients have included the assessment of the native coronary
arteries, and have shown only modest accuracy (using 4- and 16- slice CT) for the detection of

obstructive disease.!*?

Improved technical performance of current CT technology®**

, may overcome some of the imag-
ing challenges after bypass surgery. Therefore, we evaluated the diagnostic accuracy of 64-slice
multislice spiral CT (MSCT) angiography in symptomatic patients who previously underwent
bypass surgery. In addition to assessment of bypass grafts, distal coronary run-ofts and non-gratted

coronary arteries were included in this study.

METHODS

Population

Patients with stable symptoms suggesting obstructive graft or coronary artery disease that required
coronary angiography (CA) were approached for this study. Exclusion criteria were an irregular
heart rate, allergy to iodine contrast media and renal failure (serum creatinine >100 mmol/l).
Between November 2004 and September 2005 a total of 77 stable patients, scheduled for (elec-
tive) catheter angiography, were consecutively screened. Seventeen patients had contraindications,

while another eight potential candidates declined. The remaining 52 patients were enrolled and
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Table 1. Population characteristics.

Population characteristics (N=>52)

Male (n) 45 (87%)
Age (years) 65.0+8.1
Body-mass index (kg/m?2) 27.8+3.3
History

Family history of coronary disease (%) 25 (48%)
Nicotine abuse (%) 7 (13%)
Hypertension (%) 39 (75%)
Dislipidemia (%) 48 (92%)
Diabetes (%) 19 (36%)
Transient ischemic attack/stroke (%) 4 (8%)
Myocardial infarction (%) 33 (63%)
Interventions with use of stents (%) 20 (38%)
Graft anatomy per patient

Single graft (n) 10 (19%)
Two graft (n) 30 (58%)
Three grafts (n) 9 (17%)
More than three grafts (n) 3 (6%)
Venous and arterial grafts (n) 31 60%)
Venous grafts, no arterial grafts (n) 14 27%)
Arterial grafts, no venous grafts (n) 7 (14%)
CT examination

Heart rate before CT scan (min-1) 68.1+8.5
Heart during CT scan (min-1) 60.0+7.4
B-blocker (%) 34 (65%)
Benzodiazepine (%) 27 (52%)

True positive (TP); true negative (TN); false positive (FP); false nega-
tive (FN); interobserver variability (k); positive predictive value (PPV);
negative predictive value (NPV). Between brackets: 95% confidence in-
terval

underwent CT angiography in addition to con-
ventional catheter-based angiography (table 1).
The local ethical committee approved the study
and all participants gave written informed con-

sent.

The mean interval between bypass surgery and
CT angiography was 10.3%5.1 years (range
1-23 years). Forty-five patients had venous by-
pass grafts and 38 had arterial bypass grafts. Of
the 64 venous grafts, 29 were anastomosed to a
single coronary branch and 35 were jump grafts
with at least two consecutive coronary anasto-
moses. Of the 45 arterial grafts, 34 were single
grafts and 11 had more than one coronary anas-
tomosis. In seven patients both the right and
left internal mammary artery were used. Six
patients underwent redo-CABG, as a result of
which 12 coronary artery branches were graft-
ed twice on separate occasions. Twenty patients
underwent percutaneous coronary interven-
tion with stent implantation, with a total of 57

coronary and 6 graft stents.

Msct data acquisition

All patients were examined with a 64-slice
spiral CT scanner (Sensation 64®, Siemens,
Forchheim, Germany). The roentgen tube ro-
tation time was 330 ms, resulting in an effective
temporal resolution of 165 ms (or less using a

bisegmental reconstruction algorithm at higher

heart rates). Detector collimation was 32 x 0.6 mm, the pitch was 0.2 (3.8 mm table advancement

per rotation). By rapidly alternation the longitudinal position of the focal spot (Z-Sharp® tech-

nology, Siemens), 64 slices could be acquired simultaneously. The tube voltage was 120 kV, and

the tube current varied between 800-900 mAs. Depending on the presence of arterial grafts or

only venous material, the scan range was cranially extended. With a table speed of 11.6 mm/s the

scan time was 15.4+2.3 seconds (range 11.9-22.4 s). Patients with a heart rate over 65 min-1 were

given a B-blocker (up to 100 mg of metoprolol) and/or anxiolytic medication (1 mg of lorazepam)

45 minutes before the scan. In 25 out of 35 patients that received medication the average heart rate
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was below 65 min during the scan, average heart rate reduction 8.1%1.1 min-1. Ten patients were
scanned with a heart rate over 65 min-1. A bolus of 100 ml of iomeprol 400 mgl/ml (Iomeron®,
Bracco, Milan, Italy) was intravenously injected at a rate 3.5-5 ml/s, depending on the size of the
patient. Bolus tracking, i.e. monitoring of contrast enhancement in the aortic root during contrast

injection, was applied to synchronize the data acquisition with the contrast enhancement.

ECG-synchronized images were reconstructed at several time points within the diastolic cardiac
phase. Occasionally, end-systolic reconstruction offered better image quality. A sharper kernel was
applied in addition to the standard medium sharp kernel, in the presence of stents. Generally, the
examination, including patient preparation and image reconstruction, required between 20-30

min. All examinations were performed without complications.

Msct vessel analysis

Two readers independently reviewed the CT data. Readers were informed about the previous
surgical procedures, but blinded with respect to the invasive angiographic results. In cases of dis-
agreement a final decision was made during a joint reading. The following vessels and conduits

were assessed:

Arterial and venous grafts: in case of more coronary anastomoses per arterial or venous graft (jump
grafts), all graft sections between the proximal anastomisis (aortic root or subclavian artery) and
each coronary insertion (graft segment) was separately assessed and classified as occluded, signifi-

cantly obstructed (50-99% lumenal narrowing), or not (significantly) obstructed (figure 1).

Figure 1. Arterial and venous graft
disease.

Volume-rendered  reconstruction (1)
and curved multiplanar reformations
(ILIV) of a CT scan and correspond-
ing conventional angiography (111,
V), which show an occluded left inter-
nal mammary artery (LIMA, arrow
in LILIII) and obstructed vein graft
(SVG). The venous graft has three
coronary anastomoses (and 3 graft seg-
ment): second diagonal branch (D2),
first marginal branch (MO1), posterior
descending artery (PDA), of which the
terminal segment is significantly stenos-
ed (arrow LIV,V). (A full color version
of this illustration can be found in the
color section).
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Distal coronary run-offs: all coronary branches that were supplied by a patent bypass graft were

assessed for significant lumenal narrowing (>50% lumen diameter reduction).

Native coronary arteries: coronary arteries that were not, or not completely revascularized at the
time of surgery, were assessed per coronary segment, irrespective of the vessel diameter (17-seg-
ment ACC/AHA model)®. The following coronary segments, unless anatomically absent, were
assessed: proximal, middle and distal right coronary artery, posterior descending artery and (right)
posterolateral branch, left main coronary artery, proximal, middle and distal left anterior descend-
ing coronary artery and (largest) first and second diagonal branch, the proximal and distal cir-
cumtflex coronary artery with three obtuse marginal and/or posterolateral branches (and posterior
descending branch in case of left dominance), and the intermediate branch, if present. Addition-
ally, a per-vessel analysis (limited to segments without bypass graft anastomoses) was performed:
right coronary artery, left main coronary artery, left anterior descending coronary artery and left

circumflex branch (including intermediate branch).

Coronary arteries with occluded grafts: obstructive coronary disease proximal to the insertion of
a patent graft was not included in the analysis. However, because of the therapeutic relevance in
terms of amenability to percutaneous intervention, patency of coronary segments proximal and

distal to occluded graft insertions was assessed.

Difterent post-processing tools were applied to locate lesions and classify luminal narrowing of
the grafts and coronary branches. Double oblique, maximum-intensity projections were useful
to locate suspect segments, particularly in the absence of severe calcifications or metal (stents,
vascular clips). To assess stenosis severity axial slices and interactive (double-oblique) multiplanar

reformation were used.

Stenosis severity was visually estimated by comparing the luminal diameter at the narrowing with
(relatively) non-diseased locations immediately proximal and/or distal to the lesion. A stenosis was
classified as significant if the minimal lumen diameter appeared <50% of the expected diameter,
based on the proximal and distal reference site. Subjective confidence of assessment, which could
be affected by calcification, stents, vascular clips, motion artifacts, etc, was evaluated per coronary/
graft segment and classified as high (without doubt), moderate or low (insufficient image quality).
Segmental coronary calcification was classified as absent, modest (isolated spots) or severe (exten-
sive, dense and/or circumferential calcification). Coronary arteries or grafts with stents were not

excluded from evaluation.
Conventional coronary angiography

The median interval between the CT examination and CA was 7 days (0.5-18.5). Selective X-

ray angiography of the coronary arteries and bypass grafts was performed according to standard
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techniques. An experienced cardiologist, who was unaware of the CT results, analyzed the angio-
graphic findings. Using quantitative coronary angiography (QCA) evaluation (CAAS, Pie Medi-
cal Systems, Maastricht, the Netherlands), maximum diameter stenosis was determined out of at
least two (orthogonal) projections. A quantitatively determined diameter stenosis of =50% was
considered significant.**? Classification criteria for segments and lesions were identical to those

used for CT.

Statistical analysis

Descriptive statistics were performed for coronary segments and main coronary branches, graft
segments and entire grafts, and patients. A coronary artery or graft was considered diseased if at
least one segment was significantly obstructed. The diagnostic accuracy of CT for the detection
of significant disease was expressed as sensitivity, specificity, positive predictive value, negative
predictive value and accuracy. Precision of the diagnostic parameters was presented using a 95%
confidence interval (CI). Continuous variables were reported as means and standard deviations
(SDs) or median and interquartile ranges (IQR), as appropriate. Inter-observer variability for the
assessment of significant coronary artery and graft obstruction was determined by k statistics.
Comparison between different groups was calculated using Fisher’s exact test. When appropri-
ate, a Mantel-Haenszel Chi-square test was used in ordinal group comparisons. P values below
0.05 were considered significant. Because of potentially interdependent observations, i.e. multiple
coronary segments in the same patient, descriptive statistic parameters were performed for a ran-

dom selection of single observations per patient.

RESULTS

Bypass grafts

A total of 45 arterial grafts with 57 coronary anastomoses (representing 57 arterial graft segments)
and 64 venous grafts with a total of 125 graft segments were analyzed. CT correctly assessed all
arterial grafts and detected 14 occluded segments in 10 completely occluded grafts (figure 1,2).
CT detected 41/43 occluded and 15/15 stenosed venous graft segments (figure 1,2,3). One missed
segmental occlusion belonged to a stented graft, which contained additional occluded graft seg-
ments that were correctly detected by CT. CT incorrectly considered another completely oc-
cluded segment significantly stenosed but patent. Thus, sensitivity to detect obstructive graft dis-
ease (stenosis or occlusion) per-segment and per-graft was 99% and 100%, respectively (Table 2).
Opverestimation of disease occurred in 4 graft segments, of which 2 contained stents, and resulted
in misclassification of one venous graft. There was complete agreement between observers for
the detection of graft disease (table 2), and confidence of assessment for both arterial and venous
grafts was high (89%) (table 3).
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Table 2. Detection of significant graft and coronary artery disease.
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Distal run-off

According to CA there were 125 pat-
ent graft segments, supplying 123 distal
coronary run-offs. Ninety-two of these
could be assessed with good or moder-
ate confidence (75%). Small vessel size
(diameter) contributed to reduced in-
terpretability. CT detected nearly all le-
sions (8/9), although overestimation of
stenosis frequently occurred (table 2,

figure 3).

Coronary arteries

A total of 116 coronary arteries (includ-
ing 288 segments) were not or incom-
pletely revascularised by bypass surgery
(figure 4). Significant stenosis was cor-
rectly detected in 62/64 coronary artery
segments. Two undetected lesions by
CT were located in vessels that con-
tained additional lesions that were cor-
rectly detected by CT. Overestimation
of stenosis severity frequently occurred
resulting in a modest positive predictive
value (66%).

Severe, modest and absent calcification
was noted in 71 (25%), 100 (35%) and
117 (41%) of coronary segments. Of
the 133 proximal and middle segments
of the main branches (left main, right,
left anterior descending and left cir-
cumflex branch) severe, moderate and
absent calcification was detected in 46,
55 and 32 segments, respectively. Of the
distal main and side branches (diagonal,
marginal, posterolateral and posterior
descending branches) severe, moderate

and absent calcification was detected in



Figure 2. Patent right internal mammary
artery graft.

Panel A. CT (Volume-rendered reconstruction
(1), multiplanar reconstruction (II)) and con-
ventional angiogram (I1I) of a patent right inter-
nal mammary artery (RIMA, arrows) connected
to the RCA without obstructive disease. (A full
color version of this illustration can be found in
the color section).

25, 45 and 85 segments, re-
spectively. Severe calcification
was found in left main, right,
left anterior descending and
left circumflex coronary terri-
tory (including side branches)
in 16/42 (38%), 17/81 (21%),
14/49 (29%) and 24/116 (21%)

segments, respectively. The accuracy of CT angiography for coronary segments with severe, mod-

erate or absent calcification was 77.5%, 88%, 94.9%, respectively (p=0.0004). Accuracy was also

Figure 3. Bypass graft and coronary run-off disease.

CT (3D volume rendering (A); maximum intensity projection (B)) and conventional angiogra-
phy (C), of a patent LIMA anastomosed to the LAD. Distal tot the anastomosis is a significant
lesion (arrow) in the run-off branch (1). A vein graft (SVG) is significantly obstructed (arrow)
proximal and distal to the anastomosis with a marginal branch (MO2) (II). The (bypassed)
RCA is diffusely diseased with extensive calcification and several sites of significant narrowing
(II1, arrows). (A full color version of this illustration can be found in the color section).

significantly lower in the presence
of stents: 75.0% with and 90.1%
without stents (p=0.02). For the
detection of coronary stenosis, as
well as run-off disease, accuracy
was significantly lower in seg-
ments assessed with poor subjec-

tive confidence (table 3).

In cases of confirmed graft oc-
clusion by CA, patency of depen-
dent proximal and distal coronary
artery segments was evaluated.
Sensitivity, specificity, PPV and
NPV for detection of occlusion
per coronary segment were 83.3%
(45/54), 92.2% (59/64), 90% and
86.8%, respectively.
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Per-patient graft of coronary obstruction

In 16 patients CA showed no graft disease. Disease in one, two or three grafts was found in 25, 9
and 2 patients, respectively. The accuracy to detect or exclude any graft disease per patient was 98%
(51/52) (table 4). While in 43 patients the coronary run-offs showed no significant stenosis, seven
patients had disease in a single run-off, and one had double run-oft disease. Accuracy per patient
for the distal run-off disease was 86% (42/52). Although CT identified all 28 patients with signifi-
cant stenosis in (partially) non-grafted coronary arteries, coronary obstruction was overestimated

in 8/19 (42%) patients without significant disease.

Table 3. Diagnostic accuracy related to subjective confidence of assessment.

Assessment confidence
High Moderate Low P value
161/162 12/16 ) N
Graft Segments (99.4%, 98.2-100%)  (75.0%, 53.8-96.2%) /4 (100%) <0.001
Arterial 46/46 (100%) 8/8 (100%) 3/3 (100%) -
115/116 4/8 (50.0%, ) .
Venous (99.1%, 97.4-100%) 15.4-84.6%) /1 (100%) <0.001
. ) 59/62 25/31 .
Distal coronary run-off 30/30 (100%) (95.2%, 89.9-100%)  (80.6%, 66.7-94.5%) 0.01
Coron et 58/63 117/126 79/99 ~o001
oronary segments (92.1%, 85.4-98.8%)  (92.9%, 88.4-97.4%)  (79.8%, 71.9-87.7%) :

Accuracy in absolute numbers (percentage, 95%-confidence interval).
Mantel-Haenzel Chi-square test. *Fisher’s exact test in case of insufficient group size.

DISCUSSION

Detection of graft disease

The diameter size, relative immobility and sparse presence of calcifications make grafts relatively
approachable by noninvasive imaging techniques, such as computed tomography. Modest tem-
poral resolution and long acquisition times restricted clinical use of earlier CT technology. Cur-
rent technology with faster x-tube rotation and more, thinner detectors has resolved some of the
practical limitations of CT imaging after bypass surgery. Using 16-slice CT technology (420-ms
rotation time, 0.75-mm slice thickness), Schlosser et al, reported a sensitivity of 96% and speci-
ficity of 95% for the detection of obstructive graft disease.'® Martuscelli et al, compared 16-slice
CT (rotation time 500 ms, 0.625-mm slice thickness) with conventional angiography in a large
population (N=96), and reported a sensitivity of 97% and specificity of 100%, after exclusion of
9 examinations with insufficient image quality.” Preliminary results with the latest generation
64-slice CT by Pache et al, yielded a sensitivity of 98% and specificity of 89% for the detection of

obstructed graft discase.?
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Figure 4. Non-grafted coro-
nary arteries.

Patient with an occluded vein
graft to the distal RCA (arrow,
panel V1), and occluded arterial
graft to the left anterior descend-
ing coronary artery. The proximal
and mid-segment of the RCA
show plaque without significant
narrowing (arrow heads), and
the distal RCA is completely oc-
cluded. (V-VII). The left main
coronary artery (LM), intermedi-
ate branch (Int) and first marginal
branch (MO1) are all without
significant disease (I-11I). (A full
color version of this illustration can
be found in the color section).

In the present study, the latest 64-slice CT technology demonstrated comparable, accurate assess-
ment of grafts, without exclusion of examinations due to image quality. Artifacts caused by metal
within the vicinity of the graft (vascular clips, proximal anastomosis indicators, sternal wires) oc-
curred, but likely because of the relatively large graft diameter and fewer motion artefacts these
high-density artefacts did not affect assessment accuracy. In addition to graft occlusion, CT ac-
curately detects stenosis. In case of jump grafts variable degrees of obstruction can be identified in

consecutive graft segments, which has therapeutic consequences (figures 1-3).

Detection of coronary artery and run-off disease

For complete angiographic evaluation of symptomatic post-CABG patients, both coronary arteries
and grafts need to be assessed. Assessment of non-grafted coronary artery segments yielded a sen-
sitivity and specificity of 97% and 86%. CT detected most lesions in the distal coronary run-offs,
although overestimation of stenosis severity frequently occurred in these small coronary branches.
Most publications on the diagnostic accuracy of 64-slice CT angiography in patients without previ-

ous coronary bypass

Table 4. Diagnostic performance of CTA per patient surgery  reported
superior sensitivity

TP TN FP FN Accuracy (95%CI)* and  specificity.??

Any graft disease 36 15 1 0 98.1% (94.4-100%) This discrepancy
Any distal run-off disecase 7 38 6 1 86.5% (77.2-95.8%) between the accu-
Any non-grafted coronary disease 28 11 8 0 83.0% (72.3-93.7%) racy of CT in non-
Any obstructive coronary/graft disease | 50 1 1 0 98.1% (94.4-100%) and post-CABG

patients was pre-
True positive (TP); true negative (TN); false positive (FP); false negative (FN). Accuracy: [TP+TN]/

[TP+TN+FP+FN]. viously  described
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with 4- and 16-slice CT, and appears maintained with current state-of-the-art CT technology.!®®

Post-surgical patients are generally older and have more advanced atherosclerotic disease. Diffuse
degeneration prevents distinction between non-obstructive vessel changes and significant coro-
nary narrowing. Contrary to the assessment of bypass grafts, inaccurate assessment of coronary

stenosis occurred significantly more frequently in vessels with stents or severe calcification.

Forty percent of patients underwent PCI before or after bypass surgery. Artifacts related to related
blooming and beam hardening in the vicinity of stent struts significantly affected assessment of

stented coronary arteries

In case of graft failure, the difference between stenosis or complete occlusion of the native coro-
nary artery affects interventional options for treatment. We found that CT could exclude occlu-

sion in the majority of previously surgically revascularised coronary arteries.

LIMITATIONS OF THE STUDY

Conventional coronary angiography is still the gold standard in the evaluation of both coronary
artery and graft status, but its use is restricted by the invasive nature of the procedure. CT an-
giography lacks some of the practical disadvantages, such as the requirement for selective contrast
injection. Particularly when the exact surgical history is incomplete, CT allows comprehensive
graft visualization, including the site and identity of distal run-offs. Therefore CT graft imaging
is increasingly used prior to planned invasive angiography, to assure optimal angiography of both
coronary arteries and grafts. Despite advantages in terms of safety, comfort and cost, CT angiogra-
phy is not without risk. It involves considerable exposure to roentgen radiation, recently reported
to be 14.8+1.8 mSv without and 9.4+1.0 mSv with ECG-triggered tube output modulation, i.e.
lowering tube output during the systole. Compared to an average coronary CT the scan range was
extended by 37% (10-65% depending on whether venous and/or arterial grafts were investigated),
which will result in a proportionally higher radiation dose. Currently CT angiography cannot be
performed without use of potentially nephrotoxic contrast media. Finally, pharmacological heart
rate modulation is still recommended to avoid motion artifacts, though may become obsolete with

the development of faster scanner technology.

Because our population consisted of symptomatic patients long after surgery with a high inci-
dence of graft and/or coronary artery disease, our results may not be applicable to a lower-risk
(non-symptomatic) population. Graft occlusion may occur without ischemic consequences in
case of competitive flow or in the presence of non-vital myocardial scar tissue. Particularly in
these patients with chronic coronary insufficiency it may not be possible to determine the need

for revascularization based on angiographic assessment alone.
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Observations (segments) within the same patient are not statistically independent (nesting). We
recalculated descriptive statistic parameters in randomly selected, single observations per patient.
Accuracy (95%-confidence interval) for detection of significant stenosis was 100% for arterial
grafts, 96% (90-100%) for venous grafts, 94% (88-100%) for run-offs and 87% (78-97%) for coro-

nary artery segments. Fewer observations resulted in wider confidence intervals.

CONCLUSION

64-slice MSCT allows accurate detection and detailed imaging of obstructive graft disease, and
may be of particular practical use when knowledge about previous surgery is incomplete. Com-
plete angiographic evaluation of post-CABG patients includes assessment of the coronary arteries,
which is challenging in the presence of calcium and stents. Nevertheless, the high negative predic-
tive value, CT may be clinically useful for exclusion of significant stenosis in the distal run-ofts

and (non-grafted) coronary branches, in addition to the evaluation of the bypass grafts.
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ULTRASONOGRAPHIC AND DSCT SCAN ANALYSIS OF SINGLE LIMA VERSUS ARTERIAL T GRAFTS 12 YEARS AFTER SURGERY

ABSTRACT

Objective

To investigate the long term outcome in patients with left internal mammary artery to left anterior
descending coronary artery (LIMA-LAD) and T-grafts by ultrasonography and dual source com-
puted tomography (DSCT) and to analyse if ultrasonography can determine graft patency.

Methods

Thirty-two patients, 28 male, 50.8 + 8.8 years at operation, were studied. Fifteen patients with
single LIMA-LAD and additional vein grafts (group I) and seventeen patients with LIMA-free
right internal mammary artery (FRIMA) T-grafts (group II) underwent DSCT, transthoracic ul-
trasonography of the LIMA and left ventricle, an electrocardiogram and a short questionnaire.

Differences were tested with unpaired and paired t-tests.

Results

In group I, 4.1 = 1.1 and in group I, 4.5 + 1.1 anastomoses/pt were performed. DSCT showed
three string sign LIMA (20 %) grafts and 6 occluded venous anastomoses (13 %) in group I and
three (distal) string sign LIMA grafts (18 %), seven occluded LIMA anastomoses (23 %) and nine
occluded FRIMA anastomoses (23 %) in group II. Ultrasonographic variables in the proximal part
of the LIMA graft did not differ between the groups. No effect was found of left ventricular func-
tion, proximal string sign LIMA grafts and previous myocardial infarction on ultrasonographic
graft performance. Four patients in group I and one patient in group II suffered angina within the

last six months.

Conclusions
Ultrasonography can not distinguish between string sign and patent single LIMA or T-grafts nor
demonstrate distal anastomosis patency in T-grafts twelve years after surgery. We do favour T-

grafts because of the low incidence of recurrent angina.
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INTRODUCTION

The use of the left internal mammary artery (LIMA) as a bypass graft has improved the durability
of coronary artery bypass grafting (CABG)[1].

The free right internal mammary artery (FRIMA) can be anastomosed end-to-side to the LIMA,
known as arterial composite T-graft with the proximal LIMA as the only source of inflow, to
revascularize the anterior, lateral and/or inferior wall. Positron emission tomography as well as
angiographic, intravascular and transthoracic ultrasonographic analyses have been reported for

short and mid-term follow up of these T-graft configurations [2-4].

Invasive native coronary and bypass angiography is still the gold standard to determine patency of
bypass grafts. However, invasive angiography also has disadvantages such as difficulties in finding
the origin of the graft, inadequate contrast filling especially into distal coronary arterial parts and
small side branches, catheter-induced spasm of the LIMA, underestimation of eccentric plaques

and overprojection of coronary arteries.

To evaluate the long-term performance of the LIMA and the arterial T-graft accurate non-inva-
sive tests would be useful. Non-invasive duplex (combination of 2D-mode ultrasonography and
pulsed Doppler system) flow measurements of the LIMA have been performed in the past decade
by several groups [5-6].

CT coronary angiography has become an accurate noninvasive method to detect or rule out coro-
nary stenosis. Especially the analysis of stenosis and patency of arterial and venous bypass grafts

are very promising [7-9].

We performed quantitative analyses of single LIMA-LAD versus arterial composite T-grafts by
transthoracic ultrasonography compared to Dual Source computed tomography (DSCT) scans in
order to investigate the long term outcome of these grafts and to analyse whether ultrasonographic

findings can determine the patency of these grafts in patients long-term after CABG.

METHODS

Patients

Between September and December 2007, we screened seventy-three patients who were operated
with single LIMA to the LAD and additional vein grafts or with composite arterial T-grafts in the
period of 1994 until 1997. We scheduled these patients for inclusion in a protocol to compare

transthoracic ultrasonographic LIMA variables with DSCT scans. Excluded were patients over 85
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years of age, previous allergic reaction to contrast, serious co-morbidity, impaired renal function
(creatinine = 120 umol/l) and an irregular cardiac rhythm. Renal dysfunction (14 pts), deaths
(8 pts), co-morbidity (8 pts), refusal to participate (5 pts), lost in follow-up (5 pts) and allergy to
contrast (1 pt) were the drop-out reasons.

The Institutional Review Board of the Erasmus MC Rotterdam approved this study (NL 13011-

078-06). Informed consent was obtained from all patients.

Thirty-two patients, 28 male and 4 female, mean age of 50.8 + 8.8 years at the time of operation,
were included in this transectional study. Group I consisted of 15 patients (12 male and 3 female,
mean age at operation of 54.0 + 10.4 years) with a single LIMA graft to the LAD and additional
vein grafts. Group II consisted of 17 patients with LIMA-FRIMA-T-grafts (16 male and 1 female,

mean age at operation of 48.0 + 6.1 years).

All patients underwent DSCT, an electrocardiographically controlled duplex scanning of the
proximal LIMA through the second or third intercostal space, transthoracic echocardiography
(TTE) of the left ventricle, an electrocardiogram and a short questionnaire within one day in
order to compare data without time interference. All patients were permitted to continue their
cardiovascular medication including B-blockers. Diabetic patients were not allowed to take met-
formine medication during this day to prevent lactic acidosis induced by impaired renal function

after iodinated contrast injection during the DSCT scan.

All patients were studied by DSCT scans in order to assess the patency of the grafts and were clas-

sified into (sub)groups:

Group [: single LIMA grafts to the LAD with additional vein grafts (n=15)
Subgroup I A: patent single LIMA grafts to the LAD with good contrast run oft into the coronary
system (n=12)

Subgroup I B: string sign single LIMA grafts to the LAD with contrast run off into the coronary
system (n=23)

Group II: composite LIMA-FRIMA-T grafts (n=17)
Subgroup II A: patent LIMA-FRIMA-T-grafts (n=11)
Subgroup II B: distal string sign LIMA grafts (n=3)

Transthoracic ultrasonography protocol
We used the IE 33 208 ultrasound system (Philips, Best, the Netherlands) which combined 2-D
imaging and pulsed Doppler ultrasound to evaluate blood velocity variables of the LIMA as well as
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left ventricular function. TTE evaluation of the single LIMA and the main stem of the T graft were
performed in all thirty-two patients with a 9 MHz linear array vascular probe (Philips, Bothell,
WA, USA). The probe was placed at an angle of approximately 60 degrees in the second or third
intercostal space with the patient in supine position. LIMA duplex recordings were electrocar-
diographically controlled during 3-5 cardiac cycles and data were quantified both online and oft-
line and were interpreted by 2 physicians. The ultrasonographic LIMA variables analysed were:
systolic and diastolic peak velocity (SPV and DPV), systolic, diastolic and total velocity integral
(SVI, DVI and TVI), diastolic/systolic velocity integral ratio (DSVIR), diastolic/total (diastolic +
systolic) velocity integral ratio (DTVIR) and peak diastolic/peak systolic velocity ratio (DSPVR).

The following echocardiographic standard views, using the S5-1 broadband phased array trans-
ducer (Philips, Bothell, WA, USA), were obtained in order to classify segmental wall motions
and consecutively left ventricular function: parasternal long and short axis, apical four and two

chamber and apical long axis.

The analyses of the LIMA ultrasonograhic variables and the segmental wall motion score of the

left ventricle were performed by two blinded observers.

Dual-Source Computed Tomography scan protocol
Patient preparation
No oral or intravenous beta-blockers nor nitroglycerin were administered prior to the scan.

DSCT Scan

All patients were scanned using a Somatom Definition DSCT scanner (Siemens Medical Solu-
tions, Forcheim, Germany). The system is equipped with two X-ray tubes and two corresponding
detectors mounted on a single gantry with an angular offset of 90° and a gantry rotation time of
330 ms. CT angiography scan parameters were: number of X-ray sources 2, detector collimation
32 x 0.6 mm with double sampling by rapid alteration of the focal spot in the longitudinal direc-
tion (z flying focal spot), rotation time 330 ms, tube voltage 120 kV.

Automatic tube current modulation in x,y,z-direction with Care Dose 4D® software, (Siemens
Medical Solutions, Forcheim, Germany) was applied in all patients. The coronary arteries were
scanned with 380 reference mAs/rot. In all patients, we used a relative wide ECG pulsing window
(30-65% of the R-R-interval) during which full tube current was applied to include both the mid-
diastolic and the end-systolic phases. A bolus of Ultravist® 370 mg l/ml iodinated contrast material
(Schering AG, Berlin, Germany), which varied between 80-100 ml depending on the expected

scan time, was injected (flow rate: 4.0-5.0 ml/s) in the right antecubital vein.
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All CT coronary angiography datasets were reconstructed using a single-segmental reconstruction
algorithm: slice thickness 0.75 mm; increment 0.4 mm; medium-to-smooth convolution kernel

(B26); resulting in a spatial resolution of 0.6-0.7 mm in-plane and 0.5 mm through-plane.

DSCT Image Reconstruction

The reconstruction algorithm uses data from a single heart beat, obtained during a quarter X ray
tube rotation by two separate X-ray tubes, resulting in a temporal resolution of 83 ms. Initially, a
single dataset was reconstructed during the mid-diastolic phase (350 ms before the next R-wave).
In case of impaired image quality datasets were reconstructed in the end-systolic phase (275 ms

after the previous R-wave).

DSCT Image Evaluation

Axial views and multi-planar reconstructions (MPR) were used to identify patency of grafts and
anastomoses of grafts to coronary run-ofts. One experienced observer scored all DSCT coronary
angiography datasets and quantified the lumen. Analyses were performed in the proximal part of
the LIMA just distal from the subclavian artery, in the LIMA at the level of the second or third
intercostal space and proximally and distally from each anastomosis of the graft with a coronary
insertion. Visually the coronary branches (distal run-ofts) supplied by a patent graft were sepa-

rately evaluated.

Electrocardiogram
Additional electrocardiograms were taken from all patients and analysed by two blinded observ-

Crs.

Statistical Analysis

Data entry and statistical analysis were performed with the use of Epi Info 6.04c (CDC, Atlanta,
Georgia). Continuous variables are displayed as means *+ standard deviation and considered sta-
tistically significant when the P-value was 0.05 or less. Discrete variables are displayed as counts
or proportions. Data within and between the groups were tested by paired and unpaired t-tests.
Sample size calculation showed that at least 10-11 patients in each group are necessary to detect a
significant difference in diastolic peak velocity between the 2 groups, assuming that diastolic peak
velocity in single LIMA to LAD grafts is on average 22 cm/sec (range 15-30 cm/sec) [10] versus
35 cm/sec (range 25-45) [11] in T-grafts (assuming equal variances, SD = 10, © = 0.05, power =
0.80).
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RESULTS

Patients characteristics are shown in Table 1. In group I, fifteen single LIMA to the LAD bypasses

Table 1. Characteristics of the patients in group I and IT

Variable (;IrO:uIiSI (1;\;0;4)1 ;I P
Age at investigation (years) 659 102 59.6 62 0.04
Age at operation (years) 540 =104 480=x6.1 0.05
Time after CABG (years) 11.8+0.7 11.6x10 047
Male 12 16

LIMA anastomoses/pt 1.0 £ 0.0 1.8 £0.7

Total LIMA anastomoses 15 30

FRIMA anastomoses/pt 0 24+08

Total FRIMA anastomoses 39

Total venous anastomoses/pt 32+1.1 0%

Total GEA anastomoses/pt 0 04x05

RIMA (in situ) 0** 0

Total anastomoses/pt 41=x11 45x1.1 0.33
Intimectomie 1 (LAD) 1 (RCA)
Preoperative anterior wall infarction 6 3
Preoperative inferior infarction 2 3
Preoperative inferoposterior infarction 1 2
Preoperative lateral infarction 1 1
Postoperative PCI (LAD) 1 0

Mean systolic blood pressure (mmHg) 135+ 15 142 +18  0.28
Mean diastolic blood pressure (mmHg) 77 £ 11 83 + 14 0.20
Mean heart rate (beats/min) 72 =12 66 = 11 0.14
Angina within last 6 months 4 1

Diabetes 4 4

Normal LVF 6 8

Impaired LVF 6 5

Abnormal relaxation LV 2 3

Length (m) 1.76 £ 0.09 1.77 £0.06  0.56
Weight (kg) 85 = 12 88 = 11 0.40

Group I; Patients with a single LIMA graft to the left anterior descending artery LAD) and ad-
ditional vein grafts, Group II; Patients with LIMA-free right internal mammary artery (FRIMA)
-T graft, GEA; gastroepiploic artery, PCI; Percutaneous intervention. P = Unpaired p-values for
differences between the groups, data are = standard deviation. * in 1 patient a single venous bypass
was additionally performed ** in 1 patient a single right internal mammary artery was additionally

performed.

were constructed and one
right internal mammary ar-
tery (RIMA) to the right cor-
onary artery (RCA) and one
single, one jump, six triples,
five quadruple and one quin-
tuple venous bypass grafts, a
total of sixty-two anastomo-
ses, 4.1 =

performed. Two re-explora-

1.1/patient, were

tions due to excessive blood
loss postoperatively and one
percutaneous
tervention (PCI) of the LAD

artery four years after surgery

coronary in-

were performed.

In group II, six single, nine
jump and two triple jump
LIMA grafts to the LAD area
with two single, eight jump
and seven triple FRIMA by-
pass grafts were performed.
In six patients, an additional
single gastroepiploic artery
(GEA) bypass graft to the
posterior descending artery
(PDA, n=4) or the RCA
(n=2) and one additional
vein graft to the RCA were
performed, in total seventy-
six anastomoses, 4.5 = 1.1/
patient. Re-exploration be-
cause of excessive blood loss
postoperatively was done in
one patient, one PCI of the
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RCA was done three years after surgery and in the same patient PCI of the circumflex artery (CA)

ten years after surgery was performed.

No patients had complaints of angina during the investigations.

DSCT scan follow-up

DSCT-scan findings are shown in Table 2. In group II, one FRIMA anastomosis (2.6 %) could not
be judged. Also in group II, one patient with a distal string sign LIMA graft has severe left main
stenosis but did not suffer angina.

Table 2. DSCT findings in patients from group I and II.

Ultrasonographic follow- up of

Variable GroupI  Group II the LIMA variables
N =15 N =17 In all thirty-two patients transthorac-
ic ultrasonography of the LIMA was
Patent LIMA graft 12 12 successful with adequate Doppler ve-
(distal) String sign LIMA graft 3(20%)  3(17.6%) locity profiles. No ischaemia could be
(distal) String sign FRIMA graft - 0 detected electrocardiographically and
Occluded LIMA grafts 0 2(11.8%)* all patients were in sinus rhythm. All
Occluded LIMA anastomoses 0 7 (23.3 %) LIMA variables of the LIMA to the
Occluded FRIMA anastomoses - 9 (23.1 %)

LAD and the composite T-grafts are

Occluded venous anastomoses 6 (13 %) - comparable (Table 3) without signiﬁ—

Stenotic regions in venous jump grafts | 7 (15.2 %) - cant differences Ultrasonographic

o 0 i

String sign GEA graft - 1(16.7 %) differences between subgroups were
0y

Occluded GEA anastomoses - 1(16.7%) also not observed: patent grafts be-

Group I, I, FRIMA and GEA as described in Table 1. * patent main stem with tween the groups (Table 3)’ pI’CSCI’VGd

occluded distal LIMA grafts versus impaired LVF, string sign ver-

sus patent LIMA grafts within group
I (Table 4) and versus all patent main stem LIMA grafts and patent LIMA grafts without myocar-
dial infarction did also not reveal significant differences. Noticeably, proximal string sign LIMA

grafts were only observed in group L

Echocardiography
All patients underwent TTE in order to determine left ventricular function (Table 1). In two pa-

tients, no adequate window could be obtained.

Electrocardiogram

No ischemia could be detected in any patient electrocardiographically.
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Table 3. Transthoracic ultrasonographic proximal LIMA variables and only patent LIMA grafts in group I and 1I twelve years after CABG.

Variable Group I Group II P Group I * Group II * |
N =15 N =17 N =12 N =11

DPV (cm/s) 18+7 21+7 0.26 17.0 £ 7.0 22+70 0.15
SPV (cm/s) 57 =19 62 = 30 0.59 56.2 + 159 67 =28 0.27
DVI (cm?2) 7x3 84 0.34 6.6 = 3.48 79 +32 0.38
SVI (cm2) 12+£5 12+5 0.97 11.7 £ 4.0 124 £39 0.70
TVI (cm2) 17+6 21+9 0.17 16.2 = 4.2 214+ 6.6 0.04
DSVIR 0.6 0.2 0.7 +02 0.56 = 0.3 0.66 = 0.2

DTVIR 0.37 0.1 0.39 = 0.1 0.36 £ 0.1 038+ 0.1

DSPVR 0.33 £0.1 0.37 £ 0.1 0.31 0.1 0.35 £ 0.1

Group I, patients with single LIMA grafts to the LAD and additional vein grafts; Group II, patients with LIMA-free RIMA composite T grafts; * only
patent grafts; DPV; diastolic peak velocity; SPV;, systolic peak velocity; DV, diastolic velocity integral; SVI, systolic velocity integral; TV, total (diastolic
+ systolic) velocity integral; DSVIR, diastolic/systolic velocity integral ratio; DTVIR, diastolic/total (diastolic + systolic) velocity integral ratio; DSPVR,
peak diastolic/peak systolic velocity ratio. P = unpaired p-values for differences between the groups, data are = standard deviation.

Questionnaire

Sixteen patients are still controlled by their cardiologist. Eleven patients routinely and five patients
because of recurrent complaints. Twwenty-two patients do not suffer from any physical limitation.
Four patients in group I and one patient in group II have suffered recurrent angina during exercise
within the last six months. DSCT of these patients in group I showed one patient with a string
sign LIMA graft with a patent quadruple venous graft, three patent LIMA grafts with two patent
triple venous grafts and in one patient three occluded venous anastomoses in the quadruple ve-
nous graft. DSCT of the patient in group II showed a string sign LIMA graft and a partial occluded
FRIMA graft. This patient underwent PCI of the CX but suffers from recurrent angina.

DISCUSSION

Follow up of bypass grafts is important for quantitative and qualitative analyses and coronary arte-
riography is the gold standard to perform this follow up. However, costs, the invasive nature and
the risks in clinically stable patients of 0.7-4.0 % [12-13] limit the routine use of this method and

for these reasons, non-invasive methods have been developed for graft follow-up purposes.

Postoperative ultrasonographic follow-up of the in situ LIMA graft has been extensively described
in the last decade [4-6, 14] and it is well known that a shift from a predominantly systemic profile
towards a coronary flow profile is present in these bypass grafts [14]. Until now, ultrasonographic
LIMA analyses compared to DSCT scans have not been performed in a late follow-up setting (Fig.
1,2 and 3).
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Figure 1. Late follow-up main stem transthoracic ultrasonography (1a) and DSCT coronary angiography of a patent composite arterial T graft from the
transverse (1), lateral (1c) and anterolateral view (1d). (a) main stem of the T graft; (b) LIMA branch of the T graft; (c) FRIMA branch of the T graft; (d)
native obtuse margin branch. DSCT, Dual-source computed tomography; LIMA, left internal mammary artery; FRIMA, free right internal mammary
artery. (A full color version of this illustration can be found in the color section).

LIMA (sequential) bypass grafting and arterial composite T-grafting are accepted methods for
coronary revascularisation [15-16]. However, there are concerns surrounding composite arterial
bypass grafting related to perioperative hypoperfusion, their ability to supply sufticient blood flow
(especially in a composite T-graft and during hyperaemic response), and the unknown long-term

effects on arterial conduit luminal size [2-4, 17].

Despite these concerns, arterial T-bypass grafting has been expanded in the last decade using the
right GEA, the radial artery and the RIMA as (free) additional arterial conduits. Many strategies
for arterial composite T-grafting have been described but we restrict to T-grafts with the FRIMA
connected end-to-side to the attached LIMA graft.

It is remarkable that six anastomoses in venous grafts (13%) and not a single LIMA-LAD
anastomosis were occluded in group I while seven LIMA anastomoses (23.3 %) and nine
free RIMA anastomoses (23.1 %) were occluded in the T-grafts (group II). However, one of
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Figure 2. Late follow-up main stem transthoracic ultrasonography (2a) and DSCT coronary angiography of a composite arterial T graft from the transverse
(2b), anterolateral (2¢) and lateral view (2d). (a) main stem of the T graft; (b) LIMA branch of the T graft; (c) occluded FRIMA branch of the T graft.
Abbreviations as in Figure 1. (A full color version of this illustration can be found in the color section).

the crucial questions concerning these findings is whether or not these findings affect the pa-

tients.

Five patients (15.6%) have suftered angina within the last six months but were free of complaints
during the investigations: four patients in group I (26.7 %) and one patient in group II (5.9 %).
These findings suggest that patients from our study population with T-grafts suffer less angina
compared to patients with a conventional operation twelve years after CABG in spite of the much
higher number of occluded anastomoses. We realise that this suggestion is based on a small popu-

lation and without analysing the circumstances and causes of the occluded grafts.

The DSCT-scans showed that twelve LIMA single bypasses were patent and three LIMA grafts
were string sign in group I. Many reports analysed the influence of competitive flow on the cause
of string sign or occluded LIMA grafts but, so far, no consensus could be obtained concerning this
association [18-21]. Previous reports describe that diastolic velocity measurements in string sign
LIMA grafts are lower compared to patent LIMA grafts [5, 22] in a short - or mid - term follow
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Figure 3. Late follow-up transthoracic ultrasonography (3a) and DSCT coronary angiography of a patent single LIMA graft to the LAD with an ad-
ditional patent venous graft from the lateral (3b,3d) and anterolateral (3¢) view. (a) LIMA graft; (b) proximal venous graft anastomoses to the aorta; (c)
patent venous jump graft to the lateral and inferior wall; (d) native obtuse margin branches. LAD, left anterior descending artery. Abbreviations as in Figure
1. (A full color version of this illustration can be found in the color section).

up. In our data, all ultrasonographic measurements appeared to be more pronounced in string sign
LIMA grafts (Table 4). Jones et al. [13] stated in a review that the diastolic fraction (DTVIR) of less
then 0.5 is the best predictor of stenosis of the LIMA. Song et al. [23] stated that “occluded” LIMA
grafts show diastolic fractions of less than 0.6. Our data differ from these findings: string sign
LIMA grafts showed a DTVIR of 0.39 =+ 0.04 versus patent LIMA grafts 0.36 + 0.1 (Table 4).

Ultrasonographic analyses of the main stem of total patent T-grafts (n=11) also show this remark-
able finding of a diastolic fraction of less then 0.5 namely 0.38 + 0.1 (Table 3).

Early and mid term follow up reports describe that systolic and diastolic peak velocities at rest are
significantly higher in patent LIMA grafts compared to string sign LIMA grafts [24-25]. These
data do not correspond to our long term follow-up findings: diastolic and systolic peak velocities
are comparable in both groups although SPV in both groups remains much higher compared to
DPV as confirmed in other mid-term and long term follow-up reports (Table 3) [5, 10, 26].
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Table 4. Proximal LIMA variables in patent and proximal string sign LIMA grafts in group In our Opil’liOIl, it is reasonable to

I
assume that T-grafts have a larger

Variable Patent LIMA String sign LIMA P myocardial perfusion area com-
N =12 N=3 pared to single LIMA grafts. The

DPV (cm/s) 17.0 £ 7.0 221 +6.0 0.27 myocardium is mainly perfused
SPV (cm/s) 562+ 159 60.0 = 33.6 0.76 during the diastolic phase [27]
DVI (cm2) 6.6 = 3.48 81£32 0.52 and therefore we expect higher
SVI (em2) 11.7£40 13.3 £86 0.64 diastolic values in main stem of
TVI (cm2) 16.2 + 4.2 215=11 0.19 the T-grafts compared to the sin-
DSVIR 0.56 £0.3 0.67 £0.2 gle LIMA grafts [11]. Remark-
DTVIR 0.36 = 0.1 0.39 + 0.04 ably, all variables in the proximal
DSPVR 031 +01 041 %01 part of the single LIMA grafts
Ultrasonographic variables and group 1 as described in Table 3. P = paired p-values for differ- 1€ as high as in the main stem
ences within the group. Data are = standard deviation. of the T-grafts without statistical

significant differences (Table 3),
not even when only patent grafts are taken into account (Table 3). We found no eftect of LVF,
proximal string sign LIMA grafts, and previous myocardial infarction on ultrasonographic graft

performance.

The important questions remain why all proximal LIMA ultrasonograhic variables do not differ
between LIMA to LAD and composite T-grafts and also not differ between string sign LIMA and
patent LIMA grafts and whether the extent of the LIMA perfusion area influences ultrasono-
graphic variables at rest in the late postoperative period. The IMA graft patency is highest and
most durable when performed as single bypass to the LAD. This finding is consistent with reports
describing the patency of vein grafts to the LAD exceeding the patency to the CX and RCA [28-
29]. These findings can be explained by the more direct course of the bypass to the target area as
well as by the extent of the target area. The perfusion area supplied by the LAD is larger compared
to other coronary arteries resulting in larger blood flow demands in LIMA grafts to the LAD
compared to other coronary areas resulting in less tendency to fail or become string sign [18-21].
For this reason, diastolic blood flow in proximal LIMA grafts and also in T-gratts will be mainly
relevant for the anterior and septal wall perfusion area. Consequently, the areas depending on the
more distal anastomoses are probably less well perfused. When the distal LIMA branch in the
T-graft shows string sign or is less functional, the flow competition in the proximal part of the
LIMA graft will be minimal and the blood flow through the main stem can simply flow into the
FRIMA branch.

In the long term follow-up, the ‘dynamic’ LIMA seems to create a ‘fixed’ or ‘steady’ state, at least at

rest, expressed in equal values of the ultrasonographic variables from difterent perfusion areas in

the proximal part of the LIMA. This consideration may also be an explanation for the equalisation
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of the ultrasonographic variables between all subgroups and for our different findings in the late

follow-up setting compared to reports which describe short- and midterm follow-up.

Limitations

First, the crosssectional design of our study does not allow to draw further conclusions on pa-
tient cohort level. Ultrasonography was performed at rest and additional studies should include
hyperemic response tests to analyse ultrasonographic behaviour of the LIMA grafts for different

myocardial perfusion areas.

CONCLUSIONS

Noninvasive transthoracic ultrasonography allows detecting velocity patterns in the proximal part
of a single or composite LIMA graft. However, these patterns can not determine differences be-
tween string sign and patent single LIMA or T-grafts and can not demonstrate patency of distal

anastomoses in T grafts in patients twelve years after surgery.

LIMA grafts remodel into a ‘fixed’ or ‘steady’ state at rest in which all ultrasonographic variables
equalize between (subdivided) groups twelve years after CABG in contrast to early and mid-term
follow-up findings. Despite the increased number of occluded anastomoses in T grafts we do

favour these composite grafts because of the low incidence of recurrent angina.
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ANATOMICAL AND FUNCTIONAL ASSESSMENT OF SINGLE LIMA VERSUS ARTERIAL COMPOSITE T-GRAFTS 12 YEARS AFTER BYPASS SURGERY

ABSTRACT

Objectives
To determine whether functional ultrasonographic LIMA findings correspond with 64-MSCT in
patients 12 years after CABG.

Methods

We entered thirty-four patients (63.2 * 9.2 years), sixteen with conventional single LIMA (group
I) and eighteen composite arterial T-grafts (group II), in a cross-sectional study. Patients under-
went transthoracic proximal LIMA ultrasonography at rest and during the Azoulay maneuver, LV
TTE and 64-MSCT, 11.5 * 1.4 years postoperatively. Differences were tested with paired and

unpaired T-tests.

Results

MSCT scans showed three string sign LIMA grafts (19 %) and six occluded venous anastomoses
(12 %) in group I and three distal string sign LIMA grafts (17 %) and sixteen occluded T-graft
anastomoses (22 %) in group II. LIMA diameters and areas are significantly larger in group II
compared to group I in the origin, 3.5 = 0.7 vs 2.5 = 0.5 mm, P = 0.00007 and 0.09 = 0.04 vs
0.05 = 0.02 cm2, P = 0.00019 and in the third intercostal space, 3.4 = 0.7 vs 2.5 = 0.5 mm, P =
0.00009 and 0.09 = 0.03 vs 0.05 = 0.02 cm?2 , P = 0.000047 whereas most ultrasonographic LIMA
findings do not differ between and within the groups, even not adjusted for differences in LVEF.

Conclusions

Proximal LIMA diameters and areas are significantly larger in T grafts compared to single LIMA
grafts, probably due to larger myocardial perfusion areas, which can explain the equalization of
ultrasonographic variables between and within both groups at rest and during the Azoulay ma-

neuver 12 years after surgery.
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INTRODUCTION

The in situ left internal mammary artery (LIMA) has become the first choice of conduit in coronary
artery bypass grafting (CABG) to the left anterior descending artery (LAD) because of reduced
cardiac events, superior graft patency, and enhanced short and long-term survival [1-2]. Due to
these findings, composite arterial T-grafts (in situ LIMA grafts with another arterial conduit at-
tached) are used in daily practice with good clinical results [3-5]. However, questions remain both
on whether the main stem of the in situ LIMA of these T-grafts is able to supply sufticient blood
flow at rest and during stress and as well as on the unknown long-term effects on arterial conduit
luminal size [6-8]. In this regard, LIMA graft patency in patients with recurrent angina is usually
assessed by angiography although other diagnostic techniques are additionally used nowadays and
very promising, for example multislice computed tomography (MSCT) [9].

To investigate the long-term outcome of single LIMA to the LAD versus arterial T-grafts we as-
sessed and compared anatomical and functional graft characteristics by 64-MSCT (DSCT) scan

at rest and transthoracic ultrasonography at rest and during the Azoulay maneuver 12 years after
bypass surgery.

MATERIALS

Patients

Between September 2007 and January 2008, we entered thirty-four patients in a cross-sectional
study who were operated with single LIMA to the LAD and additional vein grafts and with T-
grafts in the period of 1994 until 1997. Group I consisted of 16 patients (13 Male, 3 Female),
mean age of 55.4 + 11.5 years at the time of operation, with a single LIMA graft to the LAD and
additional vein grafts. Group II consisted of 18 patients (17 Male and 1 Female), mean age of 48.5
+ 6.3 years at the time of operation, with LIMA-free right internal mammary artery (FRIMA)-T
grafts. Excluded were patients over 85 years of age, previous allergic reaction to contrast, seri-
ous co-morbidity, impaired renal function (creatinine = 120 umol/l) and an irregular cardiac
rhythm.

The Institutional Review Board of the Erasmus MC Rotterdam approved this study (NL 13011-
078-06). Written informed consent was obtained from all patients.

All patients underwent a DSCT scan, transthoracic duplex scanning of the proximal LIMA, tr-

ansthoracic echocardiography (TTE) of the left ventricle, an electrocardiogram and a short ques-

tionnaire within one day.
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The DSCT scans were performed to assess the anatomical function (patency) of the arterial grafts
and were classified into patent or (distal) string sign grafts. Grafts larger or equal to 2 mm in
diameter with good contrast run-off into the coronary system were classified as patent grafts.
Small grafts with a diameter of less then 2 mm in diameter with contrast run-oft into the coronary

system were classified as string sign grafts.

Transthoracic ultrasonography protocol

The IE 33 208 ultrasound system (Philips, Best, the Netherlands) was used, which combined 2-D
imaging and pulsed Doppler ultrasound to evaluate blood velocity variables of the LIMA as well
as left ventricular function. TTE evaluation of the single LIMA and the main stem of the T graft
were performed with a 9 MHz linear array vascular probe (Philips, Bothell, WA, USA). The probe
was placed at an angle of 60 degrees in the second or third intercostal space with the patient in
supine position. LIMA duplex recordings were electrocardiographically controlled during 3-5 car-
diac cycles and data were quantified both online and off-line and were interpreted by 2 physicians.
The ultrasonographic LIMA variables analysed were: systolic and diastolic peak velocity (SPV and
DPV), systolic, diastolic and total velocity integral (SVI, DVI and TVI), diastolic/systolic velocity
integral ratio (DSVIR), diastolic/total (diastolic + systolic) velocity integral ratio (DTVIR) and
peak diastolic/peak systolic velocity ratio (DSPVR).

Echocardiographic standard views, parasternal long and short axis, apical four and two chamber
and apical long axis, using the S5-1 broadband phased array transducer (Philips, Bothell, WA,
USA), were obtained in order to classify left ventricular function and left ventricular ejection
fraction (LVEF). Manual tracing of LV end-systolic and end-diastolic frames was perfomed oftline
according to Simpson’s method [10] using commercially available Enconcert software (Philips,
Best, the Netherlands).

We performed the Azoulay maneuver [11] at the end and measured the ultrasonographic LIMA
variables afterwards at the same (marked) position as at rest.

We ultrasonographically analyzed and compared different (sub) groups: (a) distal string sign LIMA
grafts versus patent LIMA grafts in Group II at rest and during the Azoulay maneuver. (b) LVEF
smaller then 50 % (n = 6) versus LVEF greater or equal to 50 % (n = 25) at rest and during the
Azoulay maneuver. (c) proximal string sign LIMA grafts (n = 3 in group I) versus all proximal
patent grafts (n = 31) at rest and during the Azoulay maneuver. (d) All patients in group I versus
group IL

The analyses were performed by two blinded observers.

276 | 17



Dual-Source Computed Tomography scan protocol

DSCT Scan

Neither 3-blockers nor nitroglycerin were administered prior to the scan. All patients were scanned
using a Somatom Definition DSCT scanner (Siemens Medical Solutions, Forcheim, Germany).
The system is equipped with two X-ray tubes and two corresponding detectors mounted on a
single gantry with an angular offset of 90° and a gantry rotation time of 330 ms. CT angiography
scan parameters were: number of X-ray sources 2, detector collimation 32 x 0.6 mm with double
sampling by rapid alteration of the focal spot in the longitudinal direction (z flying focal spot),
rotation time 330 ms, tube voltage 120 kV.

The coronary arteries were scanned with 380 reference mAs/rot. We used a wide ECG pulsing
window (30-65% of the R-R-interval) during which full tube current was applied to include both
the mid-diastolic and the end-systolic phases. A bolus of Ultravist® 370 mg I/ml iodinated con-
trast material (Schering , Berlin, Germany), which varied between 80-100 ml depending on the

expected scan time, was injected (flow rate: 4.0-5.0 ml/s) in the right antecubital vein.

All CT coronary angiography datasets were reconstructed using a single-segmental reconstruction
algorithm: slice thickness 0.75 mm; increment 0.4 mm; medium-to-smooth convolution kernel

(B26); resulting in a spatial resolution of 0.6-0.7 mm in-plane and 0.5 mm through-plane.

The reconstruction algorithm uses data from a single heart beat, obtained during a quarter X ray
tube rotation by two separate X-ray tubes, resulting in a temporal resolution of 83 ms. Initially,
a single dataset was reconstructed during the mid-diastolic phase (350 ms before the next R-

wave).

Axial views and multi-planar reconstructions (MPR) were used to identify patency of grafts and
anastomoses of grafts to coronary run-ofts. Distal run-off supplied by a patent graft was separately
evaluated.

Electrocardiogram
Additional 12-leads electrocardiograms were taken from all patients and analysed by two blinded

observers.

Statistical Analysis

Data entry and statistical analysis were performed with the use of Epi Info 6.04c (CDC, Atlanta,
Georgia). Continuous variables are displayed as means + standard deviation. Discrete variables
are displayed as counts or proportions. Data within and between the groups were tested by paired
and unpaired t-tests. A P-value of 0.05 or less was considered statistically significant. Sample size

calculation showed that at least 10-11 patients in each group are necessary to detect a significant
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difference in diastolic peak velocity between the 2 groups, assuming that diastolic peak velocity in
single LIMA to LAD grafts is on average 22 cm/sec (range 15-30 cmy/sec) [12] versus 35 cm/sec
(range 25-45) [13] in T-grafts (assuming equal variances, SD = 10, © = 0.05, power = 0.80).

RESULTS

In Group I, sixteen single LIMA to the LAD anastomoses were constructed with a total of sixty-
six distal anastomoses, 4.1 = 1.1/patient. In group II, thirty-one LIMA anastomoses, fourty-three
FRIMA anastomoses, six gastro-epiploic artery anastomoses and one additional venous anastomo-
ses were constructed, a total of eighty-one distal anastomoses, 4.5 + 1.1/patient, P = 0.26 between

the groups.

The mean age of the 34 patients at the time of surgery diftered significantly between the groups:
P = 0.034. The time interval between operation and late follow-up is not significant: 11.5 = 1.7
(Group I) versus 11.5 £ 1.1 years (Group II), P = 0.91.

Except for the heart rate, 74 = 14 (Group 1) versus 66 = 11 b/min (Group II), P = 0.046, hemo-
dynamic variables did not differ between both groups.

DSCT scan
In all thirty-four patients the DSCT scans were of diagnostic value. Examples are shown in Fig.
1, Fig. 2 and Fig. 3.

DSCT scans showed three string sign LIMA grafts (19 %) and six occluded venous anastomoses
(12 %) in group I and three distal (downstream from the T anastomose) string sign LIMA grafts
(17 %), two string sign FRIMA grafts (11 %), seven occluded LIMA anastomoses (23 %), nine
occluded FRIMA anastomoses (21 %), one string sign GEA graft (17 %) and one occluded GEA
anastomose (17 %) in group II.

Diameters and cross-sectional areas of the proximal LIMA grafts in group I are shown in Table
1. As expected, both variables differ significantly between the patent and string sign LIMA grafts.
Diameters and cross-sectional area’s of the proximal T-grafts in group II are shown in Table 2. As
expected, both variables also differ significantly between both patent LIMA and FRIMA and distal
string sign LIMA and distal string sign FRIMA grafts.

Finally, we selected only the patients with patent proximal LIMA grafts from group I and 1II to

compare diameters and cross-sectional area’s. Data are shown in Table 2.
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Figure 1. Late follow-up main stem transthoracic ultrasonogaphy (1a) and DSC'T coronary angiography of a patent composite arterial
T-graft from the transverse (1b) and anterolateral view (1c). (a) main stem of the T-graft; (b) LIMA branch of the T-graft; (c) too large,
not kinking, patent FRIMA branch of the T-graft. DSCT, Dual-source computed tomography; LIMA, left internal mammary artery;
FRIMA, free right internal mammary artery; SPV; systolic peak velocity (cm/s); DPV; diastolic peak velocity (cm/s). (A full color version of
this illustration can be found in the color section).

DSCT scans showed no proximal string sign LIMA grafts nor occluded LIMA grafts in the main
stem of the T-grafts.

Table 1. Diameters and cross-sectional areas in proximal LIMA to LAD grafts

LIMA-LAD Patent LIMA String sign P
graft LIMA grafts
N=16 N=13 N=3
Diam origin (mm) 249+ 0.5 27x03 1.6 = 0.44 0.00004
Area origin  (cm?) 0.05 £ 0.02 0.06 £ 0.01 0.02 £ 0.01 0.00024
Diam 2-3 ic (mm) 2.48 £ 0.47 2.66 = 0.26 1.67 £0.25 0.00003
Area 2-3 ic (cm2) 0.05 % 0.02 0.06 £ 0.01 0.02 = 0.01 0.00005

Diam = diameter, P = unpaired value for differences between patent en string sign LIMA grafts. Data are * standard deviation.
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thure 2. Late fol low up main stem transthoracic ultrasonogaphy (2a) and DSCT coronary angiography of a composite arterial T-graft from
the transverse (2b) and anterolateral view (2c). (a) main stem of the T-graft; (b) string sign LIMA branch of the T-graft; (c) patent FRIMA
branch of the T-graft. Abbreviations as in Figure 1. (A full color version of this illustration can be found in the color section).

Ultrasonographic findings
Adequate Doppler profiles could be obtained from all 34 patients. Examples are shown in Fig. 1a,
Fig. 2a and Fig. 3a. In 1 patient TTE and the Azoulay maneuver could not be performed due to

time constraints.

No ultrasonographic difterences could be obtained between the string sign LIMA grafts and the
patent LIMA grafts within group I at rest nor during the Azoulay maneuver (Table 3). Even within
these subgroups no differences appeared. Proximal string sign LIMA grafts were only observed

in group L.

When only patent grafts in both groups were selected, only diastolic peak velocity at rest and total
velocity integral values differs. Nevertheless, all variables are more pronounced in T-grafts at rest

and during the Azoulay maneuver (Table 4).

Remarkably, ultrasonographic LIMA findings do not differ between and within the subgroups at
rest and during the Azoulay maneuver and also hemodynamic observations do not differ between

(sub) groups at rest and during the maneuver.
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Table 2. Diameters and cross-sectional areas in proximal T-grafts and patent single LIMA grafts

T-graft LIMA-LAD P
N =18 N = 13*
Diam LIMA origin (mm) 347 x0.7 27+03 0.001
Area LIMA origin  (cm?) 0.09 = 0.04 0.06 = 0.01 0.002
Diam LIMA 2-3rd i.c. (mm) 34 %07 27+03 0.001
Area LIMA 2-3rd i.c. (cm?) 0.09 £ 0.03 0.06 + 0.01 0.001
Diam LIMA before T anastomose (mm) 3407
Area LIMA before T anastomose (cm?) 0.09 = 0.04
T-graft T-graft
Patent LIMA graft Distal string sign LIMA graft P*
N=13 N=3
Diam LIMA behind T anastomose (mm)** 3.0x0.5 1.8 0.1 0.003
Area LIMA behind T anastomose (cm?)** 0.07 = 0.02 0.04 = 0.01 0.033
Patent FRIMA graft  Distal string sign FRIMA graft
N =14 N=2
Diam FRIMA behind T anastomose (mm)# 3.1x05 1.8+0.2 0.001
Area LIMA behind T anastomose (cm?)# 0.08 = 0.02 0.03 = 0.01 0.009

LIMA, left internal mammary artery; FRIMA, free right internal mammary artery.

* proximal string sign LIMA grafts deleted. P = unpaired value for differences between proximal patent single LIMA and proximal patent T-grafts.

** 2 occluded distal LIMA grafts. # 2 occluded FRIMA grafts. P* = paired value for differences between patent and distal string sign T-grafts. Diam =
diameter. Data are * standard deviation.

Echocardiography
All but one patient underwent TTE to determine LVEF. In two patients, no adequate window
could be obtained. In group I, the overall EF was 57 + 16 versus 59 + 9 % in group II, P = 0.71.

Electrocardiogram

All patients were in sinus rhythm and no ischemia could be detected in any patient.

Questionnaire

All but six patients (82 %) remained free of recurrent angina in the postoperative period until
these late follow-up investigations. Four patients in group I and two patients in group II have
suffered recurrent angina during exercise within the last six months but remained free of com-
plaints during the investigations including during the Azoulay maneuver. Four patients already
used B-blockers and 5 patients are controlled by their cardiologist. One patient in each group was
already treated with stenting but still had complaints of angina. This patient in group II has three
anastomoses on a string sign graft and 1 occluded FRIMA anastomose. The other patient in group

IT has four patent distal bypasses. Tiwo patients from group I have string sign LIMA grafts with
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Figure 3. Late follow-up transthoracic ultrasonogaphy (3a) and DSCT coronary angiography of a patent single LIMA graft to the LAD from
the transverse view (3b) with an additional patent venous graft from the lateral view (3c). (a) patent LIMA graft. (b) patent venous jump graft
to the lateral and inferior wall. (c) native obtuse margin branches. Abbreviations as in Figure 1. (A full color version of this illustration can be
found in the color section).

Table 3. Ultrasonographic variables for string sign- and patent LIMA grafts in group I

Variable Patent LIMA String sign p Patent LIMA String sign P
at rest LIMA at rest Azoulay LIMA Azoulay
N =13 N=3 N =13 N=3
DPV (cm/s) 165 7.0 22.1 £ 6.0 0.22 172 £9.2 16.4 =51 0.89
SPV (cmm/s) 56.2 £ 152 60.0 = 33.6 0.76 57.6 £13.9 53.0 £ 31.3 0.68
DVI (cm2) 6335 8.1+32 0.44 6.3 £3.9 6.6 4.3 0.90
SVI (cm2) 11.7 £ 3.8 13.3 £ 8.6 0.61 12.0 = 3.1 12.6 = 8.7 0.85
TVI (cm2) 16.1 = 4.0 21511 0.16 17.7 £ 5.7 18.9 = 12.6 0.80
DSVIR 0.54 0.3 0.67 £0.2 0.43 0.53 = 0.28 0.55 = 0.15 0.90
DTVIR 0.35 = 0.13 0.39 = 0.04 0.60 0.34 = 0.12 0.36 = 0.07 0.81
DSPVR 03 =0.1 0.41 £0.1 0.09 03 *0.1 0.35 = 0.14 0.49

DPV; diastolic peak velocity; SPV; systolic peak velocity; DVI, diastolic velocity integral; SV, systolic velocity integral; TV, total (diastolic + systolic)
velocity integral; DSVIR, diastolic/systolic velocity integral ratio; DTVIR, diastolic/total (diastolic + systolic) velocity integral ratio; DSPVR, peak dia-
stolic/peak systolic velocity ratio. P = paired values for differences within the groups. Data are * standard deviation.
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Table 4. Ultrasonographic variables in patent grafts in group I and II at rest and during the Azoulay maneuver

Variable Group I Group II P Group 1 Group II P
at rest at rest Azoulay Azoulay
N=13 N =13 N=13 N=13
DPV (cm/s) 165+ 7.0 23.5 + 8.8 0.03 172 £9.2 254 +13.1 0.08
SPV (cm/s) 56.2 = 15.2 76.8 + 36.2 0.07 57.6 £13.9 97.7 £75.2 0.07
DVI (cm2) 63 £35 9.0 £ 4.1 0.09 63 39 93+ 44 0.09
SVI (cm2) 11.7 £ 3.8 142 £ 5.8 0.20 12.0 £ 3.1 187 £ 11.8 0.06
TVI (cm?2) 16.1 £ 4.0 24.8 £10.3 0.01 17.7 £ 5.7 259 £ 10.4 0.02
DSVIR 054 0.3 0.66 = 0.23 0.24 0.53 = 0.28 0.56 £ 0.21 0.77
DTVIR 0.35 +0.13 0.37 £ 0.1 0.58 0.34 £ 0.12 0.34 = 0.1 0.87
DSPVR 0.3 0.1 0.34 £ 0.1 0.33 0.3 +0.1 0.3 0.1 0.97

Group I, patients with single LIMA grafts to the LAD and additional vein grafts; Group II, patients with LIMA-free RIMA composite T-grafts.
P = unpaired value for only patent grafts between the groups. Abbreviations as described in Table 3. Data are * standard deviation.

our respective ree patent distal venous asses. The other two patients in this group have a
f pectively three patent distal byp The other two pat this group h
patent LIMA graft, one with three patent distal venous bypasses and one with one patent venous

bypass and three occluded venous bypasses.

DISCUSSION

The intrinsic properties of internal mammary arteries explain the long term survival of these
bypass grafts [14-15] which results in the statement that arterial composite T-grafts also would
have a good long-term graft patency. It can be employed in patients with a severe sclerotic aorta
which favours complications due to aortic manipulations and complete revascularization can also
be achieved in ventricular fibrillation with the use of extracorporeal circulation or in the beating
heart reducing aortic manipulations [4].

Coronary arteriography (CA) is still the accepted method for quantitative evaluation of bypass
grafts irrespectable whether the patient suffers angina. However, CA is an invasive procedure
which in patients with T-grafts may result in serious events (hypoperfusion) due to induced spasm
of the main stem. Therefore, we performed two different control methods in order to determine
functional and anatomical patency of (T-) grafts.

With the introduction and development of cardiac CT scans in recent years, imaging of moving
coronary arteries and bypass grafts has become feasible. Sensitivities and specificities above 90
% have been reported for coronary artery stenosis compared to coronary angiography [16-18].

However, cardiac CT scans are essentially a morphologic and not a functional diagnostic method
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in coronary artery bypass control. So, we performed additionally ultrasonography at rest and dur-
ing the Azoulay maneuver to assess the functionality of single LIMA grafts and the main stem of
T-grafts. One of the aims of the study was to determine whether TTE can play a role in the assess-
ment of different LIMA perfusion areas whereas TTE of T-grafts have not been described over a

follow-up period over 10-years.

Adequate Doppler profiles of the single LIMA and the main stem of the T-grafts at rest and during
the Azoulay maneuver were obtained in all patients which is extremely successtul [19]. However,
no overall ultrasonographically significant differences were obtained between the groups nor be-
tween subgroups at rest or during the Azoulay mancuver. With respect to the larger perfusion
area of the T-grafts, one should expect higher ultrasonographic values in these grafts compared
to single LIMA grafts. Even the number of occluded T-graft anastomoses does not influence

Doppler profiles.

It is remarkable to notice that the Azoulay maneuver did not have any influence on the Doppler
profiles. This finding strengthens the assumption that the ‘dynamic’ LIMA graft progresses into
a ‘fixed’ or ‘steady’ (ultrasonographic) state. One of the explanations why the Azoulay maneuver
does not affect patients from both groups may be related to the fact that physiological exercise

does not appear to be as complete as pharmacological inducement [20].

Prifti et al. [21] stated in a short follow-up study that peak systolic and diastolic velocity ratios
are good variables for demonstrating the functional T-graft status. Ratios of greater than 0.85
demonstrated good flow through both distal branches of the T-graft. This means that systolic
and diastolic peak velocities equalize in contrast to preoperative values [22]. In spite of the in situ
RIMA graft in their study, our findings in the in situ LIMA grafts are different. We found in pat-
ent T-grafts values of 0.3 = 0.1 and we also measured these values in patent single LIMA grafts.
So, these values are not discriminative in our long-term follow-up study. We did not extrapolate
the values of main stems of patients with occluded FRIMA grafts because of the small number of

these patients (n = 2).

Lemma et al. [23] described in a short term follow-up study their angiographic- and guide wire
findings in the proximal and distal arterial composite T-grafts using radial arteries versus single
LIMA to the LAD grafts. They found significant differences between the groups for proximal
time-average peak velocities. We did not calculate this variable but in patent grafts DPV at rest
appeared also significant with higher values in the T-grafts ( P = 0.03) while SPV did not (P =
0.07). The ratio of these variables remains equal in our study, 0.3 * 0.1 in both groups, while
significant differences appear in their study: 0.9 + 0.4 for single LIMA grafts versus 1.1 + 0.2 for
T-grafts, (P = 0.03), suggesting a higher diastolic part in the cardiac cycle in T-grafts. However,
our data were derived from the transthoracic approach in a late follow-up setting. Neverthe-
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less, angiography showed significantly greater proximal LIMA diameters in T-grafts than in single
LIMA grafts (2.8 * 0.4 versus 2.4 = 0.5 mm, P = 0.019). Our DSCT findings are similar for the
origin of the LIMA graft as well as for the third intercostal space. Diameters in the T-graft group
in our study appeared higher compared to the study of Lemma et al. (3.5 = 0.7 versus 2.8 + 0.4
mm). An explanation for this finding can be the higher number of anastomoses with T-grafts per
patient in our study although this should be interpreted carefully while we used another method
to measure diameters and we performed the study in a different follow-up setting. However,
Gurne et al. [24] already described the ability of the IMA graft to adapt its dimension to flow de-

mand in the late postoperative period.

These findings probably explain the equalization of the Doppler profiles between the groups. We
assume that the overall myocardial perfusion area of T-grafts is larger compared to single LIMA
grafts. Therefore, we suppose that overall blood flow through the T-grafts is larger compared to
the single LIMA grafts. This statement was enhanced by the DSCT findings. It would be interest-
ing to perform also a DSCT scan during hyperemic response or the Azoulay maneuver. This was

however not included in our protocol.

The number of occluded T-graft anastomoses in our study seems relatively high [25-26]. Accord-
ing to Pevni and Nakajima [25-25], besides technical problems, occluded bypass grafts can be
the results of competitive flow, especially in patients with moderate stenoses in coronary arteries.
This should be a subject for further detailed analysis in comparison with the findings of sequential
LIMA grafts [25-27].

Study limitations

We were interested in absolute values of TTE variables in proximal LIMA grafts to discriminate
between single LIMA and T-grafts. We did not consider the severity of coronary stenosis nor es-
timated competitive flow between these systems although we assume that these factors can influ-
ence absolute values. Cardioactive medication was continued during the study. This could affect

ultrasonographic measurements during the Azoulay maneuver.

In conclusion, ultrasonography can detect adequate Doppler profiles in the proximal part of single

LIMA bypass grafts as well as in T-grafts.

Proximal LIMA diameters and areas, assessed by DSCT, are significantly larger in T-grafts com-
pared to single LIMA grafts, probably due to larger perfusion areas, which can explain the equal-
ization of ultrasonographic variables with no significant differences between and within both

groups at rest and during the Azoulay maneuver 12 years after surgery.
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UNUSUAL CAUSE OF MYOCARDIAL ISCHEMIA NON-INVASIVELY ASSESSED WITH ECG-GATED COMPUTED TOMOGRAPHY CORONARY ANGIOGRAPHY

SUMMARY, METHODS AND RESULTS

A 71-year-old otherwise healthy woman presenting with atypical chest pain and inconclusive
ECG-treadmill test was referred for ECG-gated, 64-detector row computed tomography to study

coronary arteries noninvasively (Figures 1 and 2).

Non-ruptured Valsalva aneurysms do not usually cause cardiac dysfunction. However, coronary

insufficiency may eventually develop with the expanding sinus.

Supplementary data
Supplementary data (Video 1) associated with this article can be found, in the online version, at
do1:10.1016/j.¢jcts.2006.02.028
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Figure 1. Volume-rendered ECG-gated CT image showing a right Valsalva sinus aneurysm (asterisk). Ao: aorta;
PA: pulmonary artery; LV: left ventricle; RV right ventricle.
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Figure 2. Curved multiplanar reconstruction (curved MPR) of the right coronary artery (RCA) and multiplanar recon-
structions (A—C) obtained as indicated in Figure 1.0On the curved MPR, the proximal RCA is critically narrowed due to
the presence of the aneurysm (asterisk), which is seen bulging between the right ventricle (RV) and the aortic root (Ao) on
multiplanar reconstructions (A—C). Thick eccentric thrombus is layered on the ectatic walls. As shown in (A), the ostium
of the RCA opens at the level of the aneurysmal neck. No signs of rupture can be seen. The patient underwent unevent-
Sful surgery. The RCA was revascularized with a venous graft. Asterisk: aneurysm; Ao: aorta; LA: left atrium; LV: left
ventricle; RV right ventricle; RVOT: right ventricular outflow tract; PA: pulmonary artery.
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DETECTION AND CHARACTERIZATION OF CORONARY BIFURCATION LESIONS WITH 64-SLICE COMPUTED TOMOGRAPHY CORONARY ANGIOGRAPHY

ABSTRACT

Objectives
To compare the performance of 64-slice computed tomography coronary angiography (CTCA)
and invasive coronary angiography (ICA) in the detection and classification (according to the Me-

dina system) of bifurcation lesions (BL).

Methods

We studied 323 consecutive patients undergoing 64-slice CTCA prior to ICA. All coronary seg-
ments = 2 mm in diameter were evaluated for the presence of a significant (=50% diameter
reduction on quantitative coronary angiography) BL. Evaluation of BL by CTCA included the

assessment of significant lumen obstruction in both main and side branch vessels.

Results

Forty-one out of 43 patients (46/48 lesions) with significant BL were identified by CTCA. Exclud-
ing coronary segments with non-diagnostic image quality (5%), the sensitivity, specificity, posi-
tive and negative predictive values of CTCA for detecting significant BL was 96, 99, 85 and 99%
respectively. In 39 of these 41 patients, CTCA assessment was concordant with the Medina lesion

classification on ICA.

Conclusion

64-slice CTCA allows accurate assessment of complex BL.
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INTRODUCTION

Invasive coronary angiography is regarded as the reference standard for the diagnosis of significant
coronary artery disease and to plan and guide percutaneous coronary intervention (PCI). How-
ever, coronary angiography has major limitations. Factors such as vessel overlap and foreshorten-
ing may make it difficult to accurately assess the severity and extent of coronary artery lesions'.
Furthermore, as angiography only visualizes the lumen, it cannot identify plaque accumulation

related to positive remodeling, a ubiquitous phenomenon at bifurcation sites.

The high diagnostic accuracy of computed tomography coronary angiography (CTCA) in the
non-invasive detection of significant coronary artery disease (CAD) is well established®*. How-
ever, the potential role of CTCA in the detection and characterisation of coronary bifurcations
is unclear. CTCA allows 3-dimensional evaluation of both the lumen and the wall of the vessel;
thus, it has potential to provide a more comprehensive assessment of the complex geometry of
bifurcation lesions (BLs). The purpose of the present study is to evaluate the diagnostic accuracy
of CTCA in patients with bifurcation pathology. Furthermore, we provide a detailed comparison
with conventional angiographic data by categorizing each BL according to a simplified classifica-

tion system (Medina)®.

METHODS

Patient selection

The study population comprised 323 consecutive patients who underwent 64-slice CTCA, within
a 2-week period prior to invasive coronary angiography (ICA) between March and December
2005. In patients with prior PCI or coronary artery bypass graft surgery (CABG), only the nonin-
tervened coronary artery segments were included in the analysis. Contra-indications for CTCA
were: an irregular heart rhythm, inability to breath hold for 15 seconds, renal dysfunction (crea-
tinine clearance < 60 ml/min), and known contrast allergy. The institutional ethical review board
approved the study protocol, which complied with the declaration of Helsinki. All patients gave

written informed consent.

MSCT protocol, radiation dose calculation and image reconstruction

Patients with a resting heart rate above 65 beats per minute (bpm) received oral beta-blockers
(metoprolol 50-100 mg) or a non-dihydropyridine calcium-antagonist (diltiazem 60-120 mg) to-
gether with 0.5-1 mg lorazepam 1 hour before the scan. An additional IV bolus of metoprolol (5-
10 mg) was occasionally administered where the heart rate remained above 65 bpm. The examina-
tion was performed using previously reported methodology.4 In brief, CTCA data were acquired

using a 64-slice CT scanner (Sensation 64, Siemens, Germany). A non-enhanced calcium-scoring
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scan was only obtained in patients without previous PCI or CABG using the following param-
eters: collimation 64 x 0.6 mm, tube rotation time 330 ms, table feed 3.8 mm per rotation, tube
current 150 mAs at 120 kV, and prospective x-ray tube modulation. Angiographic scan parameters
were identical aside from a tube current that ranged between 850 and 960 mAs without the use of
dose pulsing. The effective radiation dose was calculated separately for patients with and without
previous CABG using dedicated software (ImPACT CT Patient Dosimetry Calculator, version
0.99x), as described in the European Guidelines on Quality Criteria for Computed Tomography
(Available at: http://www.drs.dk/guidelines/ct/quality/index.htm).®

A bolus of 100 ml of contrast (iomeprol, 400 mg iodine/ml, lomeron®, Bracco, Milan, Italy) was
administered in all patients. The standard injection rate was 5 ml/sec, but was decreased to 4 ml/
sec in patients who had previous CABG. We did not use a saline chaser after contrast administra-
tion. A bolus tracking technique was used to monitor the appearance of contrast material in the
aortic root cranial to the origin of the left coronary artery. Once the signal in the ascending aorta
reached a predefined threshold of 100 Hounsfield units, CT data were acquired during an inspira-
tory breath-hold.

All scans were analyzed oft-line using a Leonardo workstation (Siemens Medical Solutions)
by 2 independent observers who were blinded to the results of ICA. Images were reconstruct-
ed using ECG-gating to obtain optimal, motion free image quality. Datasets were routine-
ly obtained during the mid-to-end diastolic phase (=300, -350, -400, —450 ms before the next
R-wave or at 60 to 70% of the R-R interval). Additional reconstruction windows in systole (in
general at 25% to 35% of the R-R interval) were explored when image quality was suboptimal
on the standard reconstructions. In 31% of the cases the end-systolic dataset was used for image

analysis.

Image quality was evaluated on a per segment basis and classified as good (defined as absence of
any image-degrading artefacts related to motion, calcification, or insufficient contrast enhance-
ment), adequate (presence of image-degrading artefacts, but evaluations possible with moderate
confidence), or poor (presence of image-degrading artefacts and evaluation only possible with
low confidence). Coronary artery segments with poor image quality were judged to be “unevalu-
able”.

CTCA analysis

All evaluable coronary segments were visually scored for the presence of significant BLs (diameter
reduction of =50%) by careful axial scrolling and using (curved) multiplanar reconstructions.
A bifurcation lesion was defined as a stenosis that involved the origin of a side branch, equal to
or more than 2.0 mm in diameter.” The presence or absence of side branch pathology was de-

termined by evaluating the first 10 mm of the side branch for the presence of significant lumen
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narrowing. Disagreement between observers was resolved by a third observer, and the consensus

reading was subsequently compared with the ICA.

High-resolution thin slab multiplanar reconstructions (reconstructed slice thickness of 0.75 mm)
were used for assessment of bifurcation angles. The 3 orthogonal planes as provided when open-
ing a CT dataset were carefully orientated according to the geometrical orientation of the main
vessel and side branch at the bifurcation point (Figure 1A). To determine the angle of bifurcation,
we depicted 2 lines (in the centre of each vessel lumen) along the initial course of the distal part
of the main branch (MBd) and side branch (SB) using the MPR view in which the angulation
between the proximal parts of these 2 vessels was maximal (Figure 1B). We only used diastolic
datasets to measure bifurcation angles. Subsequently, BL with significant lumen narrowing were

categorized using a recently introduced classification scheme, known as the MEDINA bifurcation

LA

Bpir -
ilt-60

Figure 1a. Visualization of the circumflex obtuse marginal bifurcation by invasive coronary angiography (a) and volume-rendered computed tomography
coronary angiography (b). The three-dimensional representation of the heart, as shown in (b), can be obtained by summation of the ‘raw’ axial computed
tomography images that have a defined x-y-z dimension. The conventional planes that are used for visualization of this volume data set are the axial plane
(axial), the coronal plane (coronal) and the sagittal plane (sagittal). CX, circumflex coronary artery; LAD, left anterior descending coronary artery; OM,
obtuse marginal branch. (A full color version of this illustration can be found in the color section).

classification (Figure 2).> The Medina classification is a simple binary system whereby significant
lumen narrowing is classified as present (1) or absent (0) in the proximal MB, distal MB, and SB.
Modification and scrolling of MPR images originating from the bifurcation site was used to con-

firm the exact spatial relation of the lumen obstruction in relation to the branching point.
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Figure 1b. Scrolling of axial images provides a quick view of the data set to assess crudely the main features of the coronary anatomy. To obtain a precise
view of the structure of interest, in this example the circumflex-obtuse marginal bifurcation, the planes of visualization need to be orientated to the geo-
metrical orientation of the coronary structures. As a first step, the three conventional image planes are centered at the level of the branching point (a-c). The
three-dimensional nature of the CT data allows to subsequently tilt these image planes in any orientation. The resulting multiplanar reconstruction (d)
precisely shows the relationship of the main vessel with the side branch and is used to assess the angle between the initial course of distal portion of the main
vessel and side branch (in this example, 31°). Also shown is a maximum intensity projection computed tomography image (e) to demonstrate the anatomical
correlation with the angiographic view. We did not use this maximum intensity projection reconstruction to determine bifurcation angles. CX, circumflex
coronary artery; LAD, left anterior descending coronary artery; OM, obtuse marginal branch. (A_full color version of this illustration can be found in the
color section).

Quantitative coronary angiography

Coronary angiograms were obtained in multiple projections after intracoronary nitrate administra-
tion with standard techniques. Two experienced cardiologists blinded to CTCA results identified
all available coronary segments using a 17-segment modified American Heart Association (AHA)
classification and classified all coronary segments as < 2 and = 2 mm in diameter using vali-
dated, automated, edgedetection software (CAAS 11, Pie Medical, Maastricht, the Netherlands).?
Only segments classified as = 2 mm in reference diameter were considered for comparison with
CTCA. In the presence of an occluded coronary artery, we only assessed the segments that were
located proximal to the occlusion. Standard measurements were made for the MB analysis; the
proximal border of the SB was depicted manually by extending the reference point into the main

vessel, as previously reported.” Significant lumen narrowing was defined as a lumen diameter
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Figure 2. Medina binary classification of coronary bifurcation lesions.

reduction of =50% in the MB and/ or SB. Identified BLs were subsequently classified according
to the Medina classification system.? All measurements, including bifurcation angles, were deter-

mined using end-diastolic frames.

Statistical analysis

Continuous variables are presented as mean =+ standard deviation and compared by Student’s
t-test. A two-sided p-value of <0.05 was considered to be significant. Categorical variables are
presented as counts and percentages. The diagnostic performance of CTCA for the detection
of significant BL, when compared with quantitative coronary angiography (QCA), is presented
as sensitivity, specificity, positive and negative predictive value and reported with associated 95%
confidence intervals based on binomial probabilities. Diagnostic performance indices are present-
ed separately for all “evaluable” segments and for the overall population, including coronary seg-
ments with poor image quality. These “unevaluable” segments were classified as having a stenosis
on CTCA. Because of potentially interdependent observations, i.e. multiple bifurcations in the
same patient, an additional measurement of diagnostic accuracy was performed for a random
selection of single observations per patient. Statistical analysis was performed with SPSS, version
11.5 (SPSS Inc., Chicago, USA).
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Table 1. Patient characteristics (n= 323).

Characteristic Value
Age 61.3 +£10.4
Male (%) 72
Body mass index (kg/m?2) 272+ 43
Clinical presentation
Stable angina (%) 60
ACS (%) 14
Other (%) 26
Current smoker (%) 27
Hypertension (%) 53
Dyslipidemia (%) 81
Diabetes mellitus (%) 16
Creatinin (mg/dl) 0.97 £0.2
Prior MI (%) 33
Prior PCI (%) 32
Prior CABG (%) 10
Vessel disease (%)
Non-significant discase 28
1-vessel disease 38
2-vessel discase 18
3-vessel disease 8
Left main disease 5
Graft disease 3
Basal heart rate 68.5 = 10.2
Heart rate during CTCA 58 +£72
CTDlvol no previous CABG (Gy) 70.5
CTDlvol previous CABG (Gy) 61
Dose estimate (no previous CABG) (mSv)a 19
Dose estimate (previous CABG) (mSv)a 22

Categorical data are presented as numbers (%) and continuous data as mean values

+SD.

ACS, acute coronary syndrome; CABG, coronary artery bypass graft surgery;
CAD, coronary artery disease; CTCA, computed tomography coronary angiogra-
phy; CTDlvol , volume computed tomography dose index; MI, myocardial infarc-

tion; PCI, percutaneous coronary intervention.

a The estimated radiation dose is higher in bypass patients because of the longer

scan length.
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RESULTS

All 323 patients tolerated the CTCA
procedure well and no complications
occurred. The average time required for
the cardiac CT examination, including
patient preparation for scanning, image
acquisition and reconstruction of the
appropriate datasets was 20 to 25 min.
Evaluation of the CT coronary angio-
gram took on average about 5-10 min;
the extra time needed to specifically as-

sess the bifurcations was about 5 min.

Patient characteristics are summarized in
Table 1. Mean periscan heart rate was 58
+ 7.2 bpm. Of the theoretically available
5491 segments, 582 were excluded be-
cause the diameter was <2 mm and 161
because they were distal to an occluded
segment. In addition, 470 segments were
absent on CCA. After exclusion of 189
stented segments and 74 grafted vessels
(267 segments), 3822 segments (1218
bifurcations) were available for further
analysis. Poor image quality was pres-
ent in 5% (211/ 3822; 88 bifurcations) of
coronary segments and was related to a
technically inadequate scan (breathing
artifacts or fast or irregular heart rate,
n=>53), severe calcification (n=62), car-
diac motion artifacts (n=>58), or insufti-
cient contrast enhancement (n=38). The
effective radiation dose was calculated as
19 mSv (1.6 mSv for the calcium score
scan and 17.4 mSv for the contrast-en-
hanced scan) in patients without previ-
ous CABG and 22 mSv in patients with
previous CABG.



Table 2. Diagnostic accuracy of 64-slice CTCA for the detection of significant coronary bifurcation lesions (= 50% lumen diameter stenosis as defined by
quantitative coronary angiography) in evaluable segments.

Evaluable Sensitivity Specificity PPV NPV
Patients (n = 317) 317/323 98% 41/43 (95%, 266/274 (97%, 41/49 (84%, 266/268 (99%,
CI: 85-99) CI: 94-98) CI: 71-91) CI: 97-100)
Bifurcations (n = 1149) 1149/1218 94% 46/48 (96%,  1074/1101 (97%,  46/73 (63%,  1074/1076 (99%,
CI: 86-99) CI: 96-98) CI: 52-73) CI: 99-100)

Values are n (%, with 95 percent confidence interval). CI, confidence interval; CTCA, computed tomography coronary angiography; NPV, negative
predictive value; PPV positive predictive value.

Table 2 summarizes the diagnostic accuracy of 64-slice CT compared with QCA for the evalu-
ation of coronary bifurcations. A total of 1130 evaluable bifurcations were available for analysis.
Fifty-four BL in 49 patients were identified on CTCA. QCA identified 48 BL in 43 patients.
Thus, CTCA incorrectly classified the severity of BL in 10 patients. In 8 patients, a significant BL
on CTCA was not confirmed on ICA; in 6 of these 8 patients this misclassification was related to
the presence of calcification. In two patients the severity of the lesion was underestimated: one
patient had a calcified lesion of the left main/ left anterior descending bifurcation; the second had
a short lesion of the distal right coronary artery-posterolateral branch bifurcation. When the 88 bi-
furcations with poor image quality were arbitrarily scored as having significant lumen narrowing
on CTCA, the sensitivity and specificity for detection of significant BL was 95% (41/43; 95% CI:
85-99) and 95% (266/280; 95% CI: 92-97) on a “patient-level” and 96% (46/48; 95% CI: 86-99)
and 92% (1074/1170; 95% CI: 90-93) on a lesion level (1218 bifurcations).

The angiographic and CTCA
characteristics of the patients
with identified BL are shown in
Table 3. Lesions were predomi-
nantly located in the left main or

at the left anterior descending /

Figure 3. CT coronary angiogram and correspond-
ing conventional angiogram in a patient presenting
with unstable angina. The volume-rendered CT
image (A) suggests the presence of a significant ostial
narrowing (arrow) of the LAD. On ICA (B) the
stenosis (arrow) was classified as Medina type 0.1.0.
Maximal intensity projected (C) and multiplanar re-
constructed (D and E) CT images however showed
additional significant involvement of the distal LM
(arrow) and thus reclassified the lesion as Medina
type 1.1.0.

CX: circumflex coronary artery, LAD: left anterior
descending coronary artery, LM: left main coronary
artery. (A full color version of this illustration can be
found in the color section).
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Table 3. Angiographic and computed tomography characteristics of patients (n= 41) with

bifurcation lesions (n= 46)

Variables

Bifurcation lesions (n)
Location of bifurcation lesion

Left main, n (%)

LAD/ diagonal, n (%)

CX/ OM, n (%)

RCA-PD/ RCA-PL, n (%)
Angiographic variables, main branch

Lesion length (mm)

Reference diameter (mm)

MLD (mm)

% diameter stenosis
Angiographic variables, side branch

Lesion length

Reference diameter (mm)

MLD (mm)

% diameter stenosis
Previous heart rate lowering medication (%)
Additional heart rate lowering drugs (%)
Angulation by CTCA (degrees)
Angulation by ICA (degrees)

Calcium score (mean * SD)a

46

17 (37)

22 (48)
6 (13)
1(2)

11.8 = 6.6

2.82 +0.53

1.14 = 0.49
59 =19

6.54 = 4.2
23405
1.38 = 0.64
41 =24
82
58
60 = 19
51 =18
704 £ 955

CABG, coronary artery bypass graft surgery; CTCA, computed tomography coronary an-
giography; CX, circumflex coronary artery; ICA, invasive coronary angiography; MLD,
minimal lumen diameter; OM, obtuse marginal branch; PCI, percutaneous coronary in-
tervention; PD, posterior descendens coronary artery; PL, posterolateral branch; RCA,

right coronary artery; SB, side branch.
aAgatston-score.

DISCUSSION

first or second diagonal bifurcation.
The angle between MV and SB dif-
fered significantly when assessed by
CTCA when compared with ICA
(60 = 19 versus 51 * 18° respec-
tively, P<0.0001).

Table 4 describes in detail the lesion
distribution in coronary bifurca-
tions, as assessed by CTCA and ICA.
In all but 2 patients, the bifurcation
classification on CTCA was concor-
dant with that on ICA (agreement
between CTCA and ICA in 44/46
BLs). In one patient, ICA underesti-
mated the severity of stenosis in the
left main bifurcation and the patient
was referred for CABG, based on
the CTCA assessment (Figure 3).
In the second patient, significant in-
volvement of the ostium of the first
diagonal branch was not detected on
CTCA and the lesion was classified
as Medina type 1.1.0 instead of type
1.1.1.

Bifurcation lesions provide a challenge in terms of both assessment and management. Vessel over-

lap, foreshortening, beam attenuation (particularly in obese patients), and underopacification may

hinder accurate assessment of the anatomy, particularly with respect to the assessment of ostial

side branch involvement. Errors in diagnosis may have significant consequences for patient man-

agement."” When CABG is the treatment strategy, underestimation of a side branch lesion may

inadvertently result in the side branch not being grafted. Where PCI is the preferred option, ac-

curate anatomic information is crucial in planning the treatment strategy, to anticipate plaque shift
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Table 4. Medina bifurcation classification: comparison of invasive coronary angiography with computed with resulting lumen com-

tomography coronary angiography. promise 12 1 this study

Medina classification | Conventional angiography CTCA we demonstrated that in
Medina: 1.0.0 n=10 n=10 selected patients the use of
/@hmh 64 slice-CTCA accurately
N detected  angiographically
Medina: 0.1.0 n=8 =7 significant BL when com-
/A Medina 1.10:n=1 pared to ICA, which is in
| pe— keeping with the diagnostic
Medina: 1.1.0 n=8 n=8 accuracy of 64-CTCA to
/&—‘ detecti significant non.—bi—
furcation coronary lesions

Medina: 1.1.1 n=>5 n=4 . ..
Medina 1.1.0: n=1 with reported sensitiv-
/ o ity values in the 90 to 95%

Medina: 0.0.1 n=5 n=5 range. 10

For the purpose of percu-
Medina: 1.0.1 n=8 n=8 taneous treatment of BL,
//%5 several BL classifications
have been used, with the
Medina: 0.1.1 n=2 n=2 aim to better define treat-
/< ment  strategies.'”'®  Such
!} classifications may lead to
e initial treatment involving

stenting of both the main

and side branches (e.g.
crush or culotte technique) rather than main branch stenting first, followed by provisional bal-
loon angioplasty with or without stenting of the side branch. We have demonstrated that 64-slice
CTCA accurately classified BLs when compared to ICA. Furthermore, the 3-dimensional nature
of the data provided by CTCA has the potential to allow for evaluation of lesion anatomy with-
out vessel overlap or foreshortening and hence allows detailed evaluation of BLs. Calcified BLs
remain problematic due to blooming artefacts that may lead to overestimation of stenosis severity

and subsequent misclassification.

The general consensus with regard to the treatment of BLs is that, ideally, the MV only should
be stented, with provisional stenting of the SB where the ostium is severely compromised.! In
situations where both branches need to be stented, the interventional approach (i.e. selection of
stenting technique) is determined by the angle between the MV and SB. In our study, assessment
of the bifurcation angle on CTCA was relatively straightforward. The angle determined by the
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3-dimensional assessment on CTCA differed significantly from that measured on ICA. These
findings are consistent with the results of a recent study demonstrating that bifurcation angles

measured by CTCA were more accurate when compared with invasive angiography.'®

Current 64-slice CT scanners are sufficiently reliable to exclude the presence of significant coro-
nary artery stenoses. CTCA therefore seems most useful for the assessment of symptomatic pa-
tients who have a low-to-intermediate probability of significant coronary artery stenosis. A recent
meta-analysis of all major published studies on 16- and 64-slice CT technology, showed that in
patients with high prevalence of coronary artery disease the specificity of CT is still insufficient
to allow its implementation as an alternative to ICA.20 ICA should continue to be the preferred
option in patients with typical angina and/or previously known CAD because it allows ad hoc
PCI to be performed, where appropriate, and because the high prevalence of calcification in this
population would hamper accurate assessment by CTCA. In the current study, the prevalence of
pre-existing CAD was relatively high (50%) and severe calcifications were the main reason for
uninterpretable coronary artery segments (39%, 62/158 segments) after exclusion of the 6 patients
(53 segments) who had a technically inadequate CT scan. Our preliminary study provides proof
of concept for the potential of CTCA to accurately detect coronary artery lesions, even in the pres-

ence of complex anatomy such as BLs.

LIMITATIONS

Although our report concerns a large consecutive series of patients who were scanned prior to
ICA during a 9-month period, the retrospective nature of the study is a limitation. However, even
with a prospectively conducted study it would be difficult to prove the clinical benefit of a ‘pre-
interventional’ CT evaluation since the optimal approach to PCI for a BL is currently unknown.
General limitations of CTCA are the additional contrast load and the considerably higher radia-
tion exposure compared with ICA. However, these drawbacks should be balanced against the ad-
ditional costs and risks of a prolonged angiographic procedure with, in general, the use of more
contrast, catheters and additional invasive tools such as IVUS for assessment of difficult lesion

subsets such as bifurcations.

In this study we demonstrated the feasibility of CTCA to accurately assess coronary bifurcations
for the presence or absence of significant disease and we found CTCA to be more accurate than
ICA for the measurement of bifurcation angles. Whether the information provided by a CT exam
would influence the therapeutic strategy when attempting PCI for a BL remains unproven and

needs further study.
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The results of this study are only applicable to a selected patient population (patients in sinus
rhythm, who are relatively young, with coronary arteries that do not contain severe calcifications)
and were obtained in a center with experienced investigators.

Observations (bifurcations) within the same patient are not statistically independent. We recalcu-
lated the diagnostic accuracy parameters after random selection of a single bifurcation per patient.
Sensitivity and specificity for detection of significant BLs was respectively 100% (10/10; 95% ClI,
72 to 100) and 95% (296/313; 95% CI, 91 to 97). Fewer observations resulted in wider confidence

intervals.

Finally, current studies reporting on the diagnostic accuracy of 64-slice CTCA in general included
vessels with a reference size up to 1,5 mm. This is a reasonable threshold since smaller sized
vessels usually do not constitute targets for revascularization. In this study, we limited the assess-
ment of BL to branches with a reference diameter = 2mm for two reasons: (i) this cut-off value
is a generally accepted criterion to define clinically relevant side branches, and (i) current spatial
resolution is not sufficient for accurate plaque imaging in vessels with a reference size <2 mm.

17,21-24

CONCLUSIONS

Sixty four-slice CTCA provides an accurate and comprehensive assessment of coronary bifurca-
tion pathology in a selected patient population. These preliminary data support the potential of
CTCA to replace coronary angiography as the preferred diagnostic tool for coronary imaging in

this setting.
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PLAQUE AND SHEAR STRESS DISTRIBUTION IN HUMAN CORONARY BIFURCATIONS: A MULTI-SLICE COMPUTED TOMOGRAPHY STUDY

ABSTRACT

Objectives

To study the presence of plaques at bifurcation regions we assessed the plaque distribution and
morphology non-invasively with multi-slice computed tomography (MSCT) in relation to the
wall shear stress (WSS) distribution.

Background
Early atherosclerosis is located in low shear-stress (SS) regions, however plaques are also found in

the high SS sensing flowdivider walls of coronary bifurcations.

Methods

We inspected 65 cross-sections near coronary bifurcations for the presence of plaque. Cross-
sections were divided into 4 equal parts. These parts were numbered according to expected levels
of WSS, with part I the lowest WSS (outer wall) and increasing WSS’s in part II (inner bend),
III (outer bend) and IV (flowdivider).

Results

Of the cross-sections 88% had plaque. Of all parts I, 72% contained plaque. This was 62%, 38%
and 31% in parts II, III and IV. Of the cross-sections with only 1 or 2 parts inflicted, plaque was
found in part I and/or II in 94%. In 93% of the cross-sections with the flowdivider inflicted, parts

I and/or II were also inflicted. Plaque was never found exclusively in the flowdivider part IV.

Conclusion

We assessed non-invasively with MSCT plaque distribution and morphology and demonstrated
that plaque is mostly present in low WSS regions whereas plaque in high WSS regions is accom-
panied by plaque in adjacent low WSS regions. It is therefore plausible that plaque grows from the
outer wall (low WSS) of the bifurcation towards the flowdivider (high WSS).
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INTRODUCTION

The formation of atherosclerosis in coronary arteries is localized"2. A key player in localizing ath-
erosclerosis is low wall shear stress (WSS)**. In the presence of systemic risk factors, a vessel wall

that is exposed to low WSS is more prone to develop atherosclerotic plaques°.

The WSS to which a vessel wall is exposed to, is mainly determined by arterial geometry. In bifur-
cating arteries, the outer wall is exposed to low WSS compared to the flowdivider wall”-®. In curved
arteries, low and high WSS regions are present at the inner and outer bend, respectively’. Intravas-

cular ultrasound studies show that plaques are predominantly found in low WSS regions'®-".

In clinical practice, however, it is common to observe plaques that cause lumen narrowing not only
at low WSS regions but also at the high WSS sensing flowdivider of coronary bifurcations. Even
in the classifications schemes used for typing bifurcation lesions on coronary angiography, most
of the bifurcation types have luminal narrowing in the flowdivider region of the side-branches'*
15, Plaques incorporating the flowdivider are found more frequently in symptomatic patients, and
thus may represent a more advanced stage of atherosclerosis. Apparently in this stage of the disease
plaques are not limited to low WSS regions.

Angiography is only one of several imaging modalities to visualize the presence of atherosclerosis
in the coronary arteries'®. Recently several studies have shown the ability of multi-slice computed
tomography (MSCT) angiography to detect coronary plaques non-invasively'”. In contrast to con-
ventional angiography, MSCT angiography gives 3D information about the coronary geometry
and not only the lumen is visible, but also the vessel wall harboring the atherosclerotic plaque'®
19, This enables MSCT coronary angiography to detect atherosclerosis also in remodeled arteries

without severe lumen narrowing®®2!.

In this study we imaged non-invasively with MSCT angiography the 3D geometry of the lumen
and vessel wall of coronary artery bifurcations in patients. On the basis of geometry, we labeled
regions in bifurcations according to the expected WSS in each region and related the WSS to the
plaque frequency, distribution and morphology.
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METHODS

Study Population

We retrospectively studied 28 (18 male, mean age 59.9 + 6.6 years) consecutive symptomatic pa-
tients, suspected of coronary artery disease who underwent MSCT coronary angiography. Patient
demographics are given in table 1. The patients had sinus heart rhythm, were able to hold breath
for 15 s and had no contra-indications to iodinated contrast material. We only included patients
who had not previously undergone percutaneous intervention or coronary bypass surgery, and
had a heart rate lower than 65 beats per minute during scanning. Our institutional review board

approved the study protocol, and all patients gave informed consent.

Scan Protocol and Image Table 1: Patient characteristics

Reconstruction Male 18 (64%)
The patient preparation, scan protocol, Age, year (+ stdev) 59.9 (6.6)
and image reconstruction procedure Symptoms

have been previously described. Briefly, Atypical chest pain 1(4%)
patients with heart rates above 70 beats Stable angina pectoris 11 (39%)
per minute received heart-rate-lowering Unstable angina pectoris 4 (14%)
drugs before scanning. Scanning was Non-ST-segment elevation myocardial infarction | 10 (36%)
performed on a 64-slice MSCT scan- Atypical chest pain 2(7%)
ner (Sensation64®, Siemens, Germany)

according to a standardized optimized Risk factors

contrast (Iomeron 400®, Bracco, Italy) Hypertension 21 (75%)
enhanced scanning protocol. A bolus Hypercholesterolemia 21 (75%)
tracking technique was used to synchro- Smoking 8 (29%)
nize the arrival of contrast in the coro- Family history of acute coronary syndrome 7 (25%)
nary arteries with the initiation of the Diabetes mellitus 6 (21%)
scan. Images were reconstructed with Obese (body mass index =30 kg/m? 5 (18%)

ECG-gating, initially during the mid- to
: N N=28. Values are n (%) unless otherwise indicated.

end-diastolic phase (350 ms before the

next R wave) with a temporal window of

165 ms. If image quality was poor, more reconstructions at different phases of the cardiac cycle
were generated to improve it. The dataset with the best image quality was chosen for further pro-

cessing. The in-plane resolution was approximately 0.3 mm and the slice thickness was 0.4 mm.
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MSCT Image Processing

We investigated the plaque distribution in two bifurcations; 1) the LM-bifurcation, which is the
branching of the left main (LM) coronary artery into the left anterior descending artery (LAD)
and the left circumflex artery (LCX), and 2) the LAD-bifurcation, which is the bifurcation of
the first diagonal artery (D1) from the distal LAD (LADdist). To study these bifurcations the
reconstructed MSCT datasets were exported from the scanner to MeVisLab (MeVis, Bremen,

Germany), a development environment for image processing and visualization.

The two bifurcations were analyzed separately. We defined a plane through each bifurcation, such
that both the main branch and the side-branches were visible in this plane and that the angle
between the side-branches was maximal (figure 1A and 1B). Perpendicular to this plane and the
vessel axis, one cross-section of each of the side-branches was obtained 1 mm distal to the flow-
divider (see figure 1C).

pericardial
side

myocardial
side

Figure 1: Selection of cross-sections from the bifurcation of interest

Panel A shows a volume rendered MSCTA dataset with a plane through the mother and side branches of the bifurcation of interest. The Hounsfield Unit
distribution in this plane is shown in B and a magnification in C. In C, the * indicates the flowdivider and the arrows indicate the position of the cross-
sections shown in D and E. The sketch in F illustrates the division into parts and also the numbering according to the expected shear stress levels, which is
also applied in D and E.

We excluded trifurcations from the analysis (n=21). Cross-sections were excluded when the
diameter of the artery was < lmm (n=2), or when the plaque was too heavily calcified to clearly
distinguish the lumen from the plaque (n=3), see also figure 2. In total we analyzed 65 cross-
sections for this study.
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Shear stress

To relate the plaque location to WSS, we divided the cross-sections into four parts from the center
of the lumen. The cross-section was divided is such way that the flowdivider was in the middle
of one of the parts. We labeled the part covering the outer wall of the bifurcation I, the part facing
the myocardial side of the heart I, the part facing the pericardium III, and the part containing the
flowdivider IV (figure 1D and 1E).

The bifurcation affects the WSS pattern primarily. High WSS is assumed in part IV due to the
flow-division at the flowdivider, while in part I, the outer, non-flowdivider wall, low WSS is ex-
pected. Besides the eftect of the bifurcation, the curvature of the artery over the myocardium also
influences WSS*. In comparison to part III, the WSS is assumed to be lower in part II, because the
inner wall of a curved vessel is subjected to lower WSS than the outer wall. Thus, the numbering
of the parts is according to the expected WSS: in part I the lowest and in part IV the highest WSS
(figure 1F).

Plaque Identification

=28 . .
In each cross-section, all parts were in-

Patients
b

spected for the presence of plaque. Plaque

was defined as any discernable structure

@ with 1) a lower attenuation than the con-
-..% trast enhanced lumen and higher attenua-
o -13  frifurcations -8 tion than the surrounding epicardial fat or
g @ @ 2) an attenuation = 140 HU that could be

separately visualized from the lumen (cal-

cified part). The plaque had to be present
@ -3 calcifications -1 at the cross-section of interest and at at
-..% [ ’11‘5‘1[)5 ] [ ,11‘51)(5 ] 69 least one cross-section adjacent (0.5 mm
$ too small -1 distance) to the cross-section of interest.
§ When a cross-section had calcified parts,
o LQE;’;St Nlﬂ 8 we also denoted the part that contained

the densest structure, thus with the highest
. . . Hounsfield Unit.
Figure 2: Exclusion of cross-sections
Exclusion numbers of bifurcations and cross-section because of trifurcations,
calcifications and artery size. Abbreviations: LAD — Left anterior descending
coronary artery, LCX — Left circumflex coronary artery, LADdist — distal left

anterior descending coronary artery (distal to first diagonal), D1 — first diagonal Ol’lly 1 part, we called mlmmally inflicted.
coronary artery

The cross-sections with plaque present in

When in 2, 3 or 4 parts plaques were ob-
served we called these cross-sections re-
spectively mildly, moderately and severely
inflicted.
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Statistical Analysis

To test whether plaque occurs in a preferential part of a cross-section, we used the numerical
values assigned to each part. For each cross-section we computed the mean of the numbers of
the parts that contain plaque. This mean value we call the mean shear stress index (MSSI). For
instance, when plaque is present in the low WSS regions, thus in part I and II, than the MSSI of
that cross-section is (1+2)/2 = 1.5. When plaques are randomly distributed over the numbered
parts, and thus have no preferential location, the averaged MSSI is by definition 2.5. We denote
this reference value as RMSSI. If the MMST is lower than 2.5, plaque is located mainly in the low
WSS part of cross-section, and if it is higher, plaque is mainly present in the high WSS part of the

cross-section.

We calculated the average MSSI over all cross-sections, and separately over the minimally, mildly,
moderately and severely inflicted cross-sections and reported the values as mean=std. With a
student-t-test we tested whether the averaged MSSI was significantly difterent (p<0.05) from the
RMSSI of 2.5.

RESULTS

General
Most patients (96%) had plaque in one or more of the studied cross-sections. Of the 65 cross-
sections 88% contained plaque. In the D1 branch, which is generally smaller than the other in-
spected branches, atherosclerosis was observed less often than in the other branches. Only 75% of
the D1 cross-sections contained plaque versus 93%, 86% and 94% of the LAD, LCX and LADdist
branches.

Calcified plaques were found in 62% of the patients, and in 29% of the cross-sections. Of the
LADprox and LADdist 37% and 42% of the cross-sections were affected, whereas only 5% and 16
% of the LCX and D1.

Plaque Distribution
Plaques were found in low WSS parts I and II in 72% and 62 % of the cross-sections. The high
WSS parts III, and IV were less often affected than parts I and II, only in 38% and 31% of the
cross-sections (figure 3).

The distribution of the plaque configurations is in more detail given in figure 4. From the top to
the bottom the rows show the possible plaque configurations for minimally, mildly, moderately
and severely inflicted cross-sections. For each configuration the number of observations is given

as well as the corresponding MSSI value.
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high WSS

epicard

Figure 3: Plaque distribution

The figure gives the percentage of occurrence of plaque in each part, i.e. 72% of all high

WSS parts I were inflicted with plaque.

Plaque at the flowdivider was found
in 20 out of the 65 analyzed cross-
sections. The flowdivider was never
affected inflicted

cross-sections, while 6 out of 21 of

in  minimally

the mildly inflicted cross-sections, 9
out of 20 of the moderately inflicted
cross-sections, and 5 out of 5 of the
severely inflicted cross-sections were
affected in the flowdivider. In 19 out
of the 20 cross-sections plaque in
the flowdivider was accompanied by

plaque in low WSS regions I or II.

Figure 3 also shows that the plaque
configurations with the lowest MS-
SIs are the configurations that we
observed most frequently. Figure
5 shows the averaged MSSI for all,

none
n=8

minimal
n=11

mild
n=21

moderate
n=20

severe
n=5

We found 8 cross-sections without
plaque. In 10 of the 11 minimally in-
flicted cross-sections plaque was pres-
ent in the low WSS parts I or II. The
high WSS part IV was not affected
once. In the 21 mildly inflicted cross-
sections (2 parts inflicted per cross-
section) we did not find configurations
in which plaques are opposite to cach
other. Again, as in minimally inflicted
cross-sections, the low WSS parts con-
tained plaque most often. In the 20
moderately inflicted cross-sections (3
parts inflicted) plaque was always at
least present in the lowest WSS part
I. We found 5 severely inflicted cross-

sections.

Increasing MSSI

—_—

=
00@0

‘/z

1/2 '/2 31/2
@ ‘ ‘ ‘ Legend
2% 2%
1.!! WSS 4!“!}
> [ .
2% -- ++ Mssl|

Figure 4: Plaque configurations

All possible plaque configurations are shown, sorted from top to bottom on the basis of the
number of affected parts and from left to right according to increasing mean shear stress index
(MSSI). Each configuration depicts both the number of times (N) that it is observed and
its MSSI (underlined). The parts are colored according to the expected wall shear stress

level (see legend).

the minimally, mild, moderately and severely inflicted cross-sections. If the plaques are located

preferentially at specific regions, the MSSI will be significantly different from the reference
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4.0 value, the RMSSI, which is
354 * 2.5. The averaged MSSI over
all cross-sections was with
2.02 £ 0.62 lower than the
RMSSI (p<0.05). When we

divided the cross-sections

RMMSI

according to the severity of

averaged MSSI

infliction, the averaged MS-
SIs are also lower than the
RMSSI with the exception of

the severely inflicted cross-

all minimally mildly moderately  severely
inflicted cross-sections

sections, which by definition

equals the RMSSI. The MSSI
Figure 5: Mean shear stress values (MSSV) of plaques

The averaged MSSI =+ variance is shown of the plaque parts over all, the minimally, mildly, mod- increases with the scverity of
erately and severely inflicted cross-sections. The reference MSSI (RMSSI) is indicated at 2.5. The infliction because hlgh WSS
number of cross-sections is indicated with n. *, significant difference (p<0.05) between the MSSIs. #, .

MSSIs lower (p<0.05) than the RMSSI. parts get involved.

Calcium distribution

Similar to the plaque, the densest calcium spot was mostly found in the low WSS parts I and II
Both part I and part II were inflicted in 17% of the cross-sections while parts III and IV were only
inflicted in 6% and 3% of the cross-sections.

Figure 6 shows all 19 cross- Densest spot in part

_ _ _ ) I I 1 total %
sections with calcium according N
to the severity of plaque inflic- minimat @ 1 9%
tions from top to bottom. From
. . 3x
left to right the configurations are mild @1" s o
. . n=21 @ o
ordered according to the part with 1x
the densest spot, which is indi- 2x 3x 1x
) ] moderate Q 10 50%
cated with a black dot in the cross- n=20 ZX@ 2X® Lagend
sections. ; ; ;
X X X
I . B
Of the 11 minimally inflicted wes
. total
cross-sections, only 1 (9%) was n=65 5 10 4 19 29% —]

calcified. The percentage of cross- ) o )
Figure 6: Plaque configurations with calcium

sections with calcium increased Plaque configurations with calcium are shown and sorted from left to right according to part
with the calcium spot. From top to bottom, the cross-sections are sorted by the severity of plaque

with the severity of infliction up infliction. The  indicates the position of the densest calcium spot.

to 60% for the severely inflicted

cross-sections. The densest spot of
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the calcification was never found in high WSS part IV. Most of the calcified cross-sections (n=10)
have the densest calcium spot in part II. Part I has the spot in 5 cross-sections and part III in 4
cross-sections. The plaques with the densest spot in part III always were in moderately or severely

inflicted cross-sections.

DISCUSSION

We reported on the plaque distribution in human coronary arteries assessed by MSCT in relation
to expected shear stress patterns. We demonstrated that plaques in coronary artery bifurcations are
most often located in the low WSS regions and that plaques at the flowdivider, which is exposed to
high WSS, are always accompanied by plaques in a low WSS region, where plaques are supposed

to originate from.

To compare our findings with histological reports in literature on the different phases of
atherosclerosis we distinguish three phases in our study. A minimally inflicted cross-section can
be considered as early atherosclerosis, mildly and moderately inflicted cross-sections as more ad-
vanced atherosclerosis, and severely inflicted cross-sections as severe atherosclerosis. In early ath-
erosclerosis we observed that plaque distal to a bifurcation was found mainly at the wall opposite
the flowdivider. This is in agreement with histological findings of early atherosclerosis in the LM
bifurcation of young adults*. In an older population, Grgttum et al. studied the deposition of
atherosclerosis also in the LM bifurcation®. Most plaques distal to the bifurcation were observed
opposite to the flowdivider and slightly directed to the myocardium. In our study we observe

plaque in similar regions. These are the regions where we expect low WSS.

Our results are supported not only by histological findings, but also by intravascular ultrasound
studies on plaque distribution near coronary bifurcations. These studies often include patient
groups who have lumen narrowing on angiography and who may thus have advanced to severe
atherosclerosis. Shimada et al. demonstrated that the plaque area was larger at the opposite wall of
the flowdivider than at the flowdivider itself?*. The influence of the curvature of the arteries near
bifurcations was investigated by Iwami et al”® using a combination of intravascular ultrasound and
angiographic data. The percentage of plaque in the total cross-sectional plaque area was highest
at the inner curve of the bifurcation and this was most pronounced in the most curved arteries.
Badak et al. incorporated the position of the myocardium in their analysis. They found that when
a side-branch was perpendicular to the artery the maximum plaque thickness was found at 190°+
70°, thus opposite the side branch, slightly in direction of the myocardium?. To compare our
findings we calculated the average angle in a similar way in the mild and moderately diseased
cross-sections and found that it was very close to that found by Badak, that is 205°+ 68°. Thus, on

the basis of the plaque distribution observed in our study and in other studies, we show that not
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only the bifurcation contributes to the low WSS region and initiates plaque formation, but also the

curvature of the arteries over the myocardium.

Other studies lack detailed information on the distribution of calcifications with respect to the
position of the bifurcation and myocardium. It is known that most calcium is found near bifurca-
tions and that it initially occurs in the necrotic core of the plaque due partly to apoptosis of vascu-
lar smooth muscle cells or macrophages®. In our data the calcium spot was found more often at
the myocardial side (part II) of the coronary artery than at the outer wall of the flowdivider (part
I), which is what one would expect on the basis of the plaque distribution. We observed calcium
once in a cross-section that was mildly inflicted and thus was by our definition, an early from of
atherosclerosis. Due to expansive remodeling, it is possible that an advanced plaque only occupies
one part of the cross-section instead of growing into the high WSS parts. This might explain the

presence of calcium in a cross-section with only one inflicted part.

Although we did not follow patients over time, several observations indicate that plaques grow
circumferentially from a low WSS region into the high WSS flowdivider. The first is that the
flowdivider was never diseased in early atherosclerosis. Secondly, low WSS regions were in all
stages of the disease most often aftected. Thirdly, if there is plaque at the flowdivider, the low WSS
regions are also diseased. The fourth observation, that plaques are always found adjacently in low
and high WSS regions indicate that growth is indeed circumferential. We already mentioned that
low WSS regions are predilection sites of early atherosclerosis. As the plaque matures, fissuring
at the shoulders of the plaque can cause the plaque to grow from the low WSS region along the

circumference of the lumen?.

Many studies on plaque distribution in human coronary arteries use IVUS as imaging modality.
With its high resolution, it is the gold standard for determining lumen and plaque size. However,
IVUS is invasive and as 3D information is lost, it is hard to identify the pericardial and myocardial
side of a bifurcation. The influence of the curvature of the artery over the myocardium on plaque
localization can therefore not be taken into account. Currently, MSCT angiography is the only
non-invasive imaging modality that can provide both 3D lumen and plaque distribution. High
sensitivities and specificities are achieved in scoring significant lesions on 64-slice MSCT angio-

graphy images® and the first comparisons with IVUS on plaque measurements are promising?.

However, due to limitations of the MSCT angiography technique, measuring the exact size and
position of the atherosclerotic plaque remains a challenge. In the first place, partial voluming ef-
fects caused by the high intensity calcium and contrast agent can obscure the vessel wall. Secondly,
the resolution of MSCT angiography images cannot compete with those of IVUS: MSCT an-
giography cannot visualize small branches and intimal thickening. Because of these limitations we

decided to exclude the heavily calcified bifurcations and very small arteries from our analysis. In
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the analysis we chose to introduce a scoring system to assign the presence of plaque in predefined
parts instead of measuring wall thickness. For calcified plaques, we determined only the densest

part of the calcium.

A second limitation is that we included only two types of bifurcations in our study and only of
the left coronary tree. We inspected two relatively large bifurcations, which could be easily identi-
fied in the MSCT datasets and which are often treated by catheterization. Although we excluded
inspection of the complete right coronary artery tree, we do not expect WSS to influence plaque
distribution here in a different way'. Despite the limited resolution of MSCT, we observed a large
number (more than one third) of bifurcations that appeared to be trifurcations in our dataset. We
excluded these trifurcations because WSS is hard to predict in these geometries. This reduced the

number of bifurcations inspected.

A third limitation is that we defined the WSS patterns on the basis of general geometrical features
of coronary arteries, being the bifurcation and curvature. Local and patient specific varieties in
geometry and/or flow may cause the actual WSS to deviate from the expected WSS distribution.
This might explain the single observation of a plaque localized in an expected high WSS region.

We assessed plaque frequency, distribution and morphology near coronary bifurcations with
MSCT. Our results are in good agreement with previous findings in IVUS and confirm that in
carly atherosclerosis, plaques are limited to the low WSS regions and that the plaque distribution
is not only influenced by the bifurcation but also by the curvature of the arteries. A new observa-
tion is that we showed that the calcified spots in more advanced plaques are mostly located in the
low WSS regions. Besides this we presented that circumferential growth of the plaque from the
low WSS region into the high WSS regions is a plausible explanation for the presence of plaque in
the high WSS sensing flowdivider.
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UNUSUAL CAUSE OF MYOCARDIAL ISCHEMIA NON-INVASIVELY ASSESSED WITH ECG-GATED COMPUTED TOMOGRAPHY CORONARY ANGIOGRAPHY

A 39-year-old man underwent a complex percutaneous coronary intervention of the left main
trifurcation due to unstable angina. Five paclitaxel-eluting stents were implanted successfully in
the 3 major branches and left main trunk (Figure 1, panels A and B). Three months later follow-
up 64-slice computed tomographic (MSCT) coronary angiography demonstrated excellent stent
patency without signs of neointimal hyperplasia (Figure 2). Invasive coronary angiography and

intravascular ultrasound (IVUS) confirmed these findings (Figure 1, panels C and D).

Current MSCT scanners provide a promising non-invasive alternative to conventional coronary

angiography in the follow-up of patients after stenting of the left main coronary artery.

Figure 1. Two paclitaxel eluting stents (PES) were positioned simultaneously within the intermediate branch and circumflex artery
(CX) together with balloon dilatation of the left anterior descending artery (LAD) to prevent plaque shift (panel A). The stent in the
CX overlapped with a more distal stent in the same branch implanted at the start of the procedure. Due to dissection of the LAD ostium
another PES was positioned in the proximal LAD and a fifth stent was deployed in the left main trunk (not shown). The procedure
was completed with kissing balloon inflations of the 3 branches using 2 guiding catheters (one 5 and one 6 French guiding catheter), as
indicated by the arrowhead and arrow (panel B). Invasive coronary angiography showed perfect patency of the 3 branches (panel C).
Intravascular ultrasound confirmed the absence of neointimal hyperplasia, as shown by the IVUS cross-sectional image of the LMCA
(panel D). b indicates balloon; CX, circumflex coronary artery; IB, intermediate branch; LAD, left anterior descending coronary
artery; and s, stent.
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Figure 2. 64-slice CT coronary angiogram. Volume-rendered (panel A) and multiplanar reconstructed image (panel B) showing the
stented left main trifurcation. The proximal stent edge in the left main trunk is well delineated (arrow). The lumen within the stents is
clearly visible along the 3 branches of the trifurcation (panels C, D and E). It is obvious that the 4 stents, including the stent edges, are
perfectly patent without signs of neointima hyperplasia.

Ao indicates ascending aorta; CX, circumflex coronary artery; IB, intermediate branch; LAD, left anterior descending coronary artery;
RVOT, right ventricular outflow tract.
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SUMMARY AND CONCLUSIONS

Introduction

CT coronary angiography (CTCA) is a rapidly emerging technique able to non-invasively detect
significant coronary stenosis as well as non-significant coronary plaques. Rapid developments in
Multislice CT technology has resulted in a markedly improved image quality when imaging the
small and rapidly moving coronary arteries. However, CTCA remains challenging, even using the
latest generation Multislice CT scanners. In these chapters (Chapter 1- 3) an overview of the
literature on CTCA, its potential clinical application and tips and tricks on data acquisition and
image reconstruction are given. Furthermore, the limitations and pitfalls in cardiac CTCA are

described.

Detection of significant coronary artery disease

In a prospective multicenter, multivendor study three participating centers prospectively ap-
proached 433 symptomatic patients with acute and stable anginal syndromes who were between
50 and 70 years of age, and referred for diagnostic conventional coronary angiography (CCA)
(Chapter 4). Three hundred sixty patients underwent a non-enhanced calcium scan and a CTCA
which was compared to CCA. No patients or segments were excluded because of impaired im-
age quality due to either coronary motion or calcifications. The prevalence of having at least one
significant stenosis was 68%. In a patient-based analysis, the sensitivity for detecting patients with
at least 1 significant coronary stenosis was 99% and the specificity 64%. In conclusion, 64-slice
CTCA was reliable to rule out significant coronary artery disease (CAD) in patients with stable
and unstable anginal syndromes. However, a positive 64 CTCA scan often overestimated the se-

verity of atherosclerotic obstructions and requires further testing to guide patients’ management.

In a large mono-center study we assessed the diagnostic accuracy of 64-slice CTCA to detect
significant CAD and compared the differences in diagnostic accuracy for women and men in 402
symptomatic patients (Chapter 5). The sensitivity and negative predictive value to detect signifi-
cant CAD were very good, both for women and men; whereas diagnostic accuracy specificity and
positive predictive value were lower in women. The per-segment analysis demonstrated lower
sensitivity in women compared with men. The sensitivity in women did not show a difference in

proximal and mid segments, but was significantly lower in distal segments and side branches.

A newly introduced multislice CT scanner, dual-source computed tomography, can obtain a
higher temporal resolution during image acquisition than single tube scanners, making it able to
obtain good image quality at higher patient’s heart rates. We performed dual-source computed
tomography (DSCT) coronary angiography in patients referred for CCA, but without premedi-
tation of beta-blockers (Chapter 6). Sensitivity, specificity, and the negative predictive value of

dual-source computed tomography were all >95%. Positive predictive value was lower, at 75%,
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due to overgrading of segments with calcified plaque. In conclusion, non-invasive DSCT coro-
nary angiography was highly sensitive to detect and to reliably rule out the presence of a significant

coronary stenosis, even without the use of pre-scan beta blockers.

Clinical application of CT coronary angiography

The clinical utility of a test result requires knowledge of the sensitivity and specificity of the test as
well as an assessment of the pretest probability. We calculated the pretest probability for significant
CAD in 254 symptomatic patients based on the type of chest discomfort and their risk factors
(Chapter 7). Patients were divided in three groups with a low, intermediate and high pre-test
probability for significant CAD. All subjects had both undergone CTCA and traditional CCA.
The post-test probability of significant CAD after a negative CT scan was 17% in the high-risk
group versus 0% for the low- and intermediate-risk groups. After a positive CT test result, 96%
of high-risk patients had significant CAD versus only 68% in the low-risk group. We concluded
that CTCA is useful in symptomatic patients with a low or intermediate pretest probability of
significant CAD, and a negative CT scan reliably rules out CAD in this group. However, there is
limited utility of CTCA in patients with a high pretest probability of CAD.

A high diagnostic accuracy of 64-slice CTCA in selected patients with stable angina pectoris has
been reported, but only scant information was available in patients with non-ST elevation acute
coronary syndrome 64-slice. CTCA was performed in 104 patients with non ST elevation acute
coronary syndrome (Chapter 8). The prevalence of significant CAD was 85%. Sensitivity for
detecting significant coronary stenoses on a patient-by-patients analysis was 100% and specificity
75%. In conclusion, 64-slice CTCA has a high sensitivity to detect significant coronary stenoses
and is reliable to exclude the presence of significant CAD in patients who present with a non-ST

elevation acute coronary syndrome.

As mentioned in the above findings, it has been demonstrated that CTCA provides excellent diag-
nostic sensitivity for identifying coronary stenoses, but may lack accurate delineation of the hemo-
dynamic significance. We sought to determine the diagnostic accuracy of visual and quantitative
CTCA to predict the hemodynamic significance of a coronary stenosis, using intracoronary frac-
tional flow reserve (FFR) as the reference standard. We investigated 79 patients with stable angina
pectoris who underwent both 64 slice - or DSCT coronary angiography and FFR measurement
of discrete coronary stenoses (Chapter 9). Both qualitative and quantitative CTCA and quali-
tative and quantitative CCA were performed to determine the severity of a stenosis which was
compared with FFR measurements. A significant anatomical or functional stenosis was defined as
= 50% diameter stenosis or FFR < 0.75. A total of 89 stenoses were evaluated of which 18% had
a FFR < 0.75. The diagnostic accuracy of qualitative and quantitative CTCA and qualitative and
quantitative CCA to detect a hemodynamic significant coronary lesion was 49%, 71%, 61% and
67%. Correlation between quantitative CTCA and quantitative CCA with fractional flow reserve
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measurement was weak. Determining the hemodynamic significance of an angiographic interme-

diate stenosis remains relevant before referral for revascularization treatment.

Next, we performed a sub-analysis of the combination of the calcium score and CTCA in the
work-up of patients with angina pectoris in 360 patients (Chapter 10). Firstly, we found that a
negative CTCA reliably ruled out significant CAD, whereas a low calcium score did not. Second-
ly, we found that the prevalence of significant CAD increased with increasing calcium score, while
the specificity and positive likelihood ratio of CTCA decreased sharply. The value of 64-slice
CTCA in patients with a calcium score > 400 is limited when CTCA is used as a binary test and
these patients with angina pectoris should be referred to CCA directly.

The presence of coronary calcification is a major limitation to detect or rule out significant CAD.
Calcification overrepresentation is generally referred to as ‘blooming eftect’, and is frequently as-
sociated with beam hardening and partial volume artefacts. Calcification overrepresentation limits
the visualization of adjacent structures and often yields overestimation of the severity of stenosis
(false positive diagnoses). An algorithm for predicting =50% coronary stenoses based on segmen-
tal multislice computed tomography calcium score and clinical factors was developed (Chap-
ter 11). 402 patients both underwent segmental multislice computed tomography calcium score,
CTCA and CCA. The calcium score and calcification morphology were assessed in individual
coronary segments. In a derivation dataset, we explored the predictive value of segmental calcium
score, morphology, patient’s symptoms and risk factors. In conjunction with calcification mor-
phology, anatomical location, patient’s symptoms and risk factors, segmental multislice computed
tomography calcium score can predict coronary stenosis. Using this prediction model the amount

of false positives results can be diminished.

Next, our purpose was to determine the indication of CTCA as triage test prior to CCA in a
cost-cffectiveness analysis (Chapter 12). Using a Markov-model, we analyzed the decision from
the perspective of the patient, physician, hospital, health-care system, and society using recom-
mendations from the UK, US, and the Netherlands for cost-effectiveness analyses. Outcome
measures were revised post-test probability of CAD, life-years, quality-adjusted life-years, costs,
and incremental cost-effectiveness ratios. In conclusion, the indication for CTCA as triage test
prior to CCA depends on the optimization criterion, prior probability of CAD and sensitivity of
CTCA. In patients with atypical angina, CTCA increases life expectancy but not quality-adjusted

life-years, is cost-saving and is cost-effective.

CTCA before and after cardiac surgery
The next chapter provides a review of possible applications of CTCA in Cardiothoracic surgery
(Chapter 13). The high negative predictive value of + 98% found in CTCA studies suggests that

CTCA may be a useful as a diagnostic technique to rule out the presence of coronary stenoses
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in selected patients, especially those with a lower pretest likelihood of disease. An appropriate
population may be patients undergoing cardiac valve surgery who have a prevalence of concomi-
tant CAD of 25-35%. We studied patients referred for elective valve surgery with both CTCA
and CCA (Chapter 14). Using a 64-slice CT scanner, we were able to identify all patients with
significant coronary stenosis. If this study had been set up as a protocol with CTCA as an initial
screening, 69% of patients would avoid CCA, 26% would have CCA to confirm the findings from
CTCA, and in only 6% would an “unnecessary” CCA be performed.

Imaging of coronary artery bypass grafts (CABG) is reliable, due to their larger diameter and
lesser mobility. However, clinical applications can be hampered due to difficulties in assessing the
native coronary arteries in patients with previous CABG, because of the presence of severe cal-
cifications. We explored the diagnostic performance of 64-slice CT in symptomatic patients after

bypass surgery, for the assessment of both grafts and native coronary arteries (Chapter 15).

Therefore 64-slice CTCA was performed in 52 symptomatic patients, 10 + 5 years after by-
pass surgery. A total of 109 grafts, 123 distal coronary run-ofts and 116 non-bypassed coronary
branches were analyzed. Per-segment detection of graft disease yielded a sensitivity of 99% and
specificity of 96%. Sensitivity and specificity to detect run-off disease were 89% and 93%, positive
predictive value was 50%. In non-grafted coronary segments, CT detected significant stenosis
with a sensitivity and specificity of 97% and 86%. Overestimation occurred more frequently in

calcified segments.

In patients who undergo a redo CABG or totally endoscopic CABG CTCA can add incremental
information in planning these complicated procedures. CTCA provides three-dimension infor-
mation of the intra-thoracic organs, an overview of the coronary tree and bypasses and informa-
tion on location, severity and plaque characteristics of CAD. Furthermore, information on the
cardiac valves and ventricle can be gathered. During CTCA a volume of data is obtained. By
reconstruction of datasets with fixed intervals during the R-R interval, functional information can

be acquired of the cardiac valves and ventricle.

Thirty-two patients, 12 years after CABG, were studied to investigate the long term outcome in
patients with left internal mammary artery to left anterior descending coronary artery (LIMA-
LAD) and T-grafts. These patients were both studied by ultrasonography as by DSCT. Further-
more, we evaluated whether ultrasonography can determine graft patency (Chapter 16). Fifteen
patients with single LIMA-LAD and additional vein grafts (group I) and seventeen patients with
LIMA-free right internal mammary artery (FRIMA) T-grafts (group II) underwent DSCT and
transthoracic ultrasonography of the LIMA and left ventricle. DSCT showed three string sign
LIMA (20 %) grafts and 6 occluded venous anastomoses (13 %) in group I and three (distal) string
sign LIMA grafts (18 %), seven occluded LIMA anastomoses (23 %) and nine occluded FRIMA
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anastomoses (23 %) in group II. Ultrasonography could not distinguish between string sign and
patent single LIMA or T-grafts nor demonstrate distal anastomosis patency in T-grafts twelve

years after surgery.

To determine whether functional ultrasonographic LIMA findings correspond with DSCT in
patients 12 years after CABG, we entered thirty-four patients, sixteen with conventional single
LIMA (group I) and cighteen composite arterial T-grafts (group II), in a cross-sectional study
(Chapter 17). Patients underwent transthoracic proximal LIMA ultrasonography at rest and dur-
ing the Azoulay manoeuver, left ventricle trans thoracic echocardiography and DSCT, 11.5 years
postoperatively. Proximal LIMA diameters and areas were significantly larger in T grafts compared
to single LIMA grafts, probably due to larger myocardial perfusion areas, which can explain the
equalization of ultrasonographic variables between and within both groups at rest and during the

Azoulay manoeuver 12 years after surgery.

Bifurcation imaging

We compared the performance of 64-slice CTCA and in CCA in the detection and classifica-
tion (according to the Medina system) of bifurcation lesions (Chapter 18). We studied 323 con-
secutive patients undergoing 64-slice CTCA prior to CCA. Evaluation of bifurcation lesions by
CTCA included assessment of significant lumen obstruction in both main and side branch ves-
sels. Forty-one out of 43 patients with significant bifurcation lesions were identified by CTCA.
Excluding coronary segments with non-diagnostic image quality (5%), the sensitivity, specificity,
positive and negative predictive values of CTCA for detecting significant bifurcation lesions was
96, 99, 85 and 99%. In 39 of these 41 patients, CTCA assessment was concordant with the Medina

lesion classification on CCA.

Furthermore, we looked for an explanation for the presence of plaque in the high shear stress
carina of coronary bifurcations. Early atherosclerosis is located in low shear-stress regions, how-
ever plaques are also found at the high shear stress sensing carinas of coronary bifurcations. We
investigated the relationship between shear stress and the plaque distribution in bifurcations with
CTCA (Chapter 19). In conclusion, we showed that plaque is mostly present in low shear stress
regions whereas plaque in high shear stress regions is accompanied by plaque in adjacent low
shear stress regions. It is therefore plausible that plaque grows from the outer wall (low shear

stress) of the bifurcation towards the carina (high shear stress).
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SAMENVATTING EN CONCLUSIES

Introductie

Computed Tomography coronair angiografie is een veelbelovende techniek die op een niet in-
vasieve manier vernauwingen in de kransslagvaten kan aantonen. De kransslagvaten van het hart
zijn kleine en snel bewegende structuren die met voorgaande niet invasieve apparatuur moeilijk
visualiseerbaar waren. Door de snelle ontwikkelingen en verbeteringen in de technologie van de
Multislice Computed is de beeldkwaliteit aanzienlijk gebeterd. Echter, het vervaardigen van een
routine CT coronair angiogram blijft een uitdaging, zelfs met de laatste generatie multislice CT
scanners. In de eerste drie hoofdstukken wordt een overzicht gegeven over de klinische mogelijk-
heden van CT coronair angiografie, een beschrijving van de literatuur en verschillende manieren
van data acquisitie (Hoofdstuk 1-3). Tevens worden limitaties en mogelijke valkuilen met bij-

gaande oplossingen besproken.

Detectie van significante vernauwingen in de kransslagvaten

In een prospectief opgezette multicenter studie waarin drie centra participeerden, werden 433
symptomatische patienten met stabicle en onstabiele angina pectoris en patienten met een myo-
cardinfarct zonder ST elevatie benaderd (Hoofdstuk 4). Patienten hadden een leeftijd tussen de
50 en 70 jaar oud en waren doorgestuurd voor een diagnostische coronair angiografie. 360 patien-
ten ondergingen een calcium scan en een CT coronair angiogram welke werd vergeleken met de
conventionele coronair angiografie. Er werden geen patienten of segmenten van de kransslagvaten
geexcludeerd omwille van verminderde beeld kwalitiet door bijvoorbeeld verkalkingen of snelle
beweging van de kransslagvaten. De prevalentie van patienten met tenminste 1 significante ver-
nauwing was 68%. De sensitiviteit voor het detecteren van patienten met tenminste 1 vernauwing
was 99% en de specificiteit was 64%. 64 slice CT coronair angiografic kan op een betrouwbare
manier uitsluiten of er significante vernauwingen aanwezig zijn in patienten die zich op ver-
schillende manieren presenteren met angina pectoris klachten. Echter CT coronair angiografie
overschat vaak de ernst van de vernauwing waardoor het verdere beleid van patienten met vervolg

onderzock bepaald moet worden

In een grote mono-center populatie studie hebben we de diagnostische accuraatheid van 64 slice
CT coronair angiografic om vernauwingen in de kransslagvaten te detecteren onderzocht en de
verschillen geanalyseerd voor mannen en vrouwen in 402 symptomatische patienten (Hoofdstuk
5). Zowel voor mannen en vrouwen was de sensitiviteit en negatieve predictieve waarde in de
per-patient analyse zeer goed. De specificiteit en positieve predictieve waarde waren echter lager
in vrouwen. In de segment analyse was de sensitiviteit echter ook lager voor vrouwen, niet in de
proximale en mid segmenten, maar wel in de distale segment en de zijtakken van de kransslagva-

ten.
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Een nieuw geintroduceerde CT scanner, genaamd Dual Source CT, kan een hoger temporele
resolutie verkrijgen gedurende data acquisitie dan een CT scanner met een enkele rontgenbuis.
Door deze eigenschap kunnen patienten met een hoger hartritme worden gescand met behoud
van goede beeldkwaliteit. In de studie werden symptomatische patienten vergeleken die zowel
een Dualsource CT als een conventionale coronair angiografie ondergingen, waarbij patienten
voor de CT scan geen betablockers kregen om het hartrtme te verlagen (Hoofdstuk 6). De sen-
sitiviteit, specificiteit en negatieve predictieve waarde waren allen > 95%. De positieve predic-
tieve waarde was 75%, door het overschatten van vooral verkalkte segmenten. Concluderend was
Dualsource CT zeer gevoelig in het detecteren en uitsluiten van vernauwingen in de kransslagva-

ten, zelfs zonder patienten voor te bereiden met betablockers.

Klinische applicatie van CT coronair angiografie

Kennis van de sensitiviteit en de specificiteit van een test en de waarschijnlijkheid van pathologie
voor de test zijn noodzakelijk voor het goede klinisch gebruik van een uitslag van een test. In 254
patienten werd de waarschijnlijkheid op vernauwingen in de kransslagvaten geschat met behulp
van het type van klachten van de patient, leeftijd, geslacht en cardiale risicofactoren. Patienten
werden verdeeld in drie risicogroepen met een laag, intermediair of hoog risico op zickte (Hoofd-
stuk 7). De waarschijnlijk na een negatieve CT coronair angiografie op significante vernauwingen
was 17% in de hoog risico groep en 0% in de laag en intermediaire risico groep. Na een positieve
CT coronair angiografie was de waarschijnlijkheid 96% in de hoog risico groep en 68% in de laag
risicogroep. Concluderend is CT coronair angiografie nuttig in symptomatische patienten met
een laag en intermediare risico op significante coronaire lesies en een negatieve CT sluit signifi-
cante ziekte uit in deze groepen. In de hoog risico groep patienten is beperkt nut voor CT coronair
angiografie gezien meest van deze patienten reeds vernauwingen hebben en zullen worden door-

verwezen naar coronair angiografie.

Hoge diagnostische accuraatheid van 64 slice CT coronair angiografie is beschreven voor het
detecteren van significante coronaire lesies in geselecteerde patieten. Echter weinig informatie
was bekend in patienten met onstabiele angina pectoris of patienten met non ST elevatie myocard
infarct. Totaal werden 104 patienten geincludeerd met een non ST elevatie acuut coronair syn-
droom (Hoofdstuk 8). De prevalentie van ziekte was 85%. De sensitiviteit was 100 % en de spe-
cificiteit 75%. Ook in patienten met een non ST elevatie acuut coronair syndroom is CT coronair

angiografie accuraat in het detecteren en uitsluiten van significante vernauwingen.
Zoals al in bovenstaande tekst staat is het bekend dat CT coronair angiografie goed is in het de-

tecteren van coronaire vernauwingen. Echter de accuraatheid van CT coronair angiografie om de

hemodynamische impact van een coronaire lesie te voorspellen is onbekend.
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In deze studie werd de diagnostische accuraatheid geanalyseerd van visuele en quantitatieve CT
coronair angiografie om de hemodynamische eigenschappen van een coronaire lesie te voorspel-
len, gebruikmakend van de fractionel flow reserve als gouden standaard (Hoofdstuk 9). In totaal
werden 79 patienten geincludeerd met stabiele angina pectoris die ofwel 64 slice of Dualsource
CT coronair angiografie en een conventionale coronair angiografie met een fractional flow re-
serve hadden ondergaan. De mate van vernauwing werd zowel voor qualitatieve en quantitatieve
CT coronair angiografie als voor qualitatieve en quantitatieve coronair angiografie bepaald. Een
significante anatomische vernauwing werd gedefinieerd als = 50% diameter vernauwing en een
functionele stenose als <0.75. In totaal werden 89 venauwingen geanalyseerd waarvan 18% een
fractionele flow reserve van < (.75 hadden. De diagnostische accuraatheid van qualitatieve en
quantitatieve CT coronair angiografie als voor qualitatieve en quantitatieve coronair angiografic
was 49%, 71%, 61% and 67%. Correlatie tussen quantitatieve CT coronair angiografie en quan-
titative coronair angiografie met de fractional flow reserve metingen was zwak. De bepaling van
de hemodynamische impact van een intermediaire stenose blijft relevant voor het uiteindelijke

doorsturen voor coronaire revascularisatie.

Vervolgens hebben we een analyse gedaan naar de combinatie van de calciumscore en CT coro-
nair angiografie in de diagnose van significant vernauwingen in 360 patienten met angina pectoris
(Hoofdstuk 10). Ten cerste, vonden we dat een negatieve CT coronair angiography significante
ziekte uitsloot en dat een lage calcium score dit niet deed. Ten tweede, vonden we dat de prevalen-
tie van significante vernauwingen toenam met een stijging van de calcium score en dat de specifi-
citeit en positieve predictieve waarde met een stijgende calcium score fors daalde. De waarde van
64-slice CT coronair angiografie in patienten met een calcium score > 400 is beperkt wanneer de
CT coronair angiografie wordt gebruikt al een test die enkel het onderscheid maakt tussen wel of
geen ziekte. Deze patienten zouden best direct naar conventioneel coronair angiografie worden

doorgestuurd.

De aanwezigheid van calcificaties in de kransslagaders maakt het bepalen of er significante vernau-
wingen aanwezig zijn moeilijk. Deze calcificaties resulteren in verscheidene artefacten die er vaak

voor zorgen dat de stenose graad wordt overschat (vals positieve diagnose).

We hebben een algoritme ontwikkeld voor het schatten van = 50% coronary stenose met een
segmentele calcium score en verscheidene klinische variablelen (Hoofdstuk 11). 402 patienten
ondergingen ecn segmentele multislice CT calcium score, een conventioneel en een CT coronair
angiografie. De calciumscore en morfologie van de calcificaties werden bepaald per individueel
coronair segment. De predictieve waarde van de segmentele calcium score, morfologie van de
calcium, patienten symptomen en risicofactoren werden geanalyseeerd. Gebaseerd op de calci-
umscore, het morfologische patroon, de lokatie in de vaatboom, de symptomen van de patient en

de aanwezighed van risicofactoren, is deze predictie regel in staat om de diagnostische besluitvor-
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ming te ondersteunen. Het aantal vals positieve diagnoses ten gevolge van de aanwezigheid van

kalk kan op deze wijze verminderd worden.

Vervolgens werd in een kost effectiviteits analyse gekeken wanneer CT coronair angiografie
geindiceerd is als triage test voor verwjzing naar invasieve coronair angiografic (Hoofdstuk 12).
Gebruikmakend van een Markov-model werd deze beslissing getoetst vanuit verschillende per-
spectieven: vanuit het perspectief van de patient, het ziekenhuis, zicktezorg en samenleving ge-
bruikmakend van aanbevelingen vanuit de UK, US en Nederland. Concluderend hangt de indi-
catie om gebruik te maken van CT coronair angiografie als triage test naar coronair angiografie af
van de optimalisatie criteria, de waarschijnlijkheid voor vernauwingen in de kransslagvaten en de
sensitiviteit van CT coronair angiografie. In patienten met atypische angina pectoris vermeerdert
CT coronair angiografie de levens vewachting, maar niet quality-adjusted life-years, is kosten

besparend en kosten effectief.

CT coronair angiografie voor en na cardiale chirurgie

Het volgende hoofdstuk beschrijft de verschillende applicaties van CT coronair angiografie in
cardiothoracale chirurgie (Hoofdstuk 13). De hoge negatief predictieve waarde van = 98% aan-
getoond in multipele CT coronair angiografie studies, geeft de mogelijkheid deze eigenschap te
gebruiken om significante lesies uit te sluiten vooral in patienten met een lage waarschijnlijk-
heid op significante vernauwingen. Een mogelijk geschikte patientengroep zijn patienten die een
hartklepoperatie ondergaan. Deze hebben gemiddeld een prevalente van bijkomend significant
coronaria lijden van 25-35%. We bestudeerden patienten gepland voor een klepoperatie die bijko-
mend een conventioneel coronair angiogram en een 64 slice CT coronair angiografie ondergingen
(Hoofdstuk 14). Alle patienten met signifcante vernauwingen werden gedetecteerd. Indien deze
studie was opgezet met CT coronair angiografie als een initiele screening had 69% een invasieve
coronair angiogram bespaard kunnen blijven, 26% had een coronair angiogram ondergaan ter
bevesting van resultaten die gezien waren door CT coronair angiografie en enkel 6% had een on-

nodige coronair angiogram gekregen, ten gevolge van een vals positieve CT coronair angiografie.

Beeldvorming van coronaire bypassen is nauwkeurig door de relatief grote diameter van het vat en
verminderde mobiliteit in de thorax. Echter klinische implementatie van CT coronair angiogratie
in deze patienten groep is geinhibeerd door de moeilijkheden die er zijn in de beeldvorming van

de natieve coronairen welke vaak fors verkalkt zijn.

Wij analyseerde de diagnostische acuraatheid met een 64 slice CT coronair angiogratie van zowel
de bypassen als de natieve coronairen (Hoofdstuk 15). Daarvoor werden 52 symptomatische
patienten, 10 £ 5 jaar na bypass chirurgie geincludeerd. Een totaal van 109 grafts, 123 distale
coronair run-ofts en 116 niet gebypasste coronair takken werden geanalyseerd. De per-segment

analyse van significante vernauwing in de grafts toonde een sensitiviteit van 99% en een specifi-
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citeit van 96%. Sensitiviteit en specificiteit om distale run-off ziekte te detecteren was 89% and
93%, positive predictive value was 50%. In niet-gebypasste coronair segmenten detecteerde CT
coronair angiografie significante vernauwingen met een sensitiviteit en specificiteit van 97% and

86%. Overschatting gebeurde meer frequent in verkalkte coronaire segmenten.

In patienten die een redo CABG of totale endoscopische CABG ondergaan, kan CT coronair
angiografie toegevoegde informatie verschaften in de planning van deze ingewikkelde procedures.
CTCA levert drie dimensionale infomatie van de intrathoracale organen, een overzicht van de co-
ronair boom en bypasses en informatie over de locatie, ernst en karakteristieken van de coronaire
plaque. Gedurende de CTCA wordt een volume van data verkregen. Behalve infomatie over de
coronairen en de grafts kan ook informatie over de cardiale kleppen en de ventrikel worden ver-
kregen. Door reconstructie van datasets met vaste intervallen in de R-R interval, kan functionele

informatie verkregen worden van de kleppen en de ventrikel.

Om de lange termijn resultaten in patienten met een linker arteria thoracica interna naar de lin-
ker anterior descending coronair arterie (LIMA-LAD) and T-grafts te onderzocken werden 32
patienten 12 jaar na CABG geanalyseed middels Dual Source CT en transthoracale echografie.
Verder werd gekeken of echografie kon evalueren of de bypasses nog open waren (Hoofdstuk
16). Vijftien patienten met een enkele LIMA-LAD en bijkomende vene omleidingen (Groep 1)
en 17 patienten met een LIMA-vrije rechter arteria thoracica interna (FRIMA) T-grafts (groep II)
ondergingen Dual Source CT en transthoracale echografie van de LIMA en de linker ventrikel.
Dual Source CT toonde drie string signs bypasses (20%) en 6 geoccludeerde vene anastomoses
(13%) in groep I and drie (distale) stringsign LIMA bypasses (18%), 7 dichte LIMA anastomoses
(23%) and 9 dichte FRIMA anastomoses in groep II. Echografie kon geen onderscheid maken
tussen een string sign en een patente singel LIMA of T-grafts. Tevens kon met echografie niet

worden geevalueerd of de distale anastomose open was 12 jaar na CABG.

Om te analyseren of functionele data van de LIMA corresponderen met anatomische bevindingen
van Dual Source CT werden 34 patienten 12 jaar na CABG onderzocht (Hoofdstuk 17). Zestien
patienten bevonden zich in de enkele LIMA groep (Groep I) en 18 in de T-grafts groep (Groep
IT). Patienten ondergingen zowel een thansthoracale echografie van de proximale LIMA in rust en
tijdens de Azoulay maneuver, van de linker ventrikel en een Dual Source CT, 11.5 jaar na CABG
plaatsing. De proximale LIMA diameters waren significant groter in T grafts dan in enkele LIMA
grafts, waarschijnlijk door een grotere perfusie gebied van het myocard. Dit kan de gelijkenis in
variabelen verkregen met echografie verklaren tussen beide groepen zowel in rust als tijdens de

Azoulay maneuver.
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Visualisatie van coronaire bifurcaties

Wij vergeleken de accuraatheid van 64-slice CT coronair angiografie en conventioneel coronary
angiografie in de detectie en classificatie (volgens de Medina classificatie) van bifurcatie lesies
(Hoofdstuk 18). We bestudeerden 323 consecutieve patienten die zowel 64 slice CT coronair
angiografie als conventionele coronair angiografie ondergingen. Evaluatie van de bifurcatie lesie
door CT coronair angiografie betrof analyse van signficante stenose van het hoofdvat als de zijtak.
CT coronair angiografie detecteerde 41 van de 43 patienten met een significante bifurcatie lesie.
Na exclusie van coronaire segmenten met niet diagnostische beeld kwaliteit (5%), was de sensiti-
viteit, specificiteit, positieve - en negatieve predictieve waarde 96%, 99%, 85%, 99%. In 39 van de
41 patienten was de CT coronair angiografie analyse in concordantie met de Medina classificatie

zoals gezien bij conventioneel coronair angiografie.

Vroege presentatie van atherosclerosis is gelocaliseerd in lage shear stress gebieden. Echter plaques
worden ook aangetroffen in gebieden met hoge shear stress ter hoogte van de carina van coronaire
bifurcaties. We zochten naar een verklaring voor de aanwezigheid van plaques in de carina van een
bifurcatie, waar een hoge shear stress aanwezig is middels CT coronair angiografie (Hoofstuk 19).
We toonde aan dat coronaire plaques zich voornamelijk in gebieden van lage shear stress bevinden.
Plaques in hoge shear stress gebieden zijn vaak gecomplimenteerd met plaques in aanliggende lage
shear stress gebieden. Daardoor is het plausibel dat de coronaire plaque vanuit de buitenwand (in

het gebied van lage shear stress) van de bifurcatie naar de carina groeit (hoge shear stress).
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COLOR SECTION

Chapter 2, Figure 1 Volume-rendered CTCA image (A) reveals the anatomy of the left coronary artery of a 50 year-old patient who presented with

unstable angina. His total calcium score was zero. Two curved multiplanar reconstructions (C,D) disclose a significant stenosis in the proximal left anterior
descending coronary artery which was corroborated by CCA (B). In the inlay the non-calcified significant plaque is displayed (E).
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Chapter 3, Figure 2: The left main and right coronary artery (RCA) arise from the right aortic sinus A-D. The anomalous left main coronary artery runs
between the aorta and pulmonary trunk (arrowheads). Note also the severe stenosis (arrow) of the left anterior descending artery (LAD).

RVOT: right ventricular outflow tract.

Chapter 3, Figure 4: CT coronary angiogram and corre-
sponding conventional angiogram of the left coronary artery
in a patient presenting with unstable angina. Note that the
volume-rendered images (A) provide an excellent anatomic
overview of the coronary arteries but should not be used to
score the presence and degree of coronary stenoses. Two de-
tailed curved multiplanar reconstructed (¢(MPR) CT image
(C, E) and a maximum-intensity projection reveal the pres-
ence of a significant stenosis located at the proximal LAD,
which was confirmed on the conventional angiogram ( B).
Cross-sectional CT images show a large noncalcific plaque
(G) and a normal coronary lumen of the left main (F) en
distal LAD (H).
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Chapter 4, Figure 4:A volume-rendered CT coronary angiography (CTCA) image (A) reveals the anatomy of the right coronary artery (RCA). A
maximum intensity projected image (B) and two curved multiplanar reconstructed images depict a non-calcified obstructive coronary stenosis in the mid
RCA. However, conventional coronary angiography only reveals a non-significant stenosis. Quantitative coronary angiography showed a 40% diameter
reduction of the coronary lumen.
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Chapter 5, Figure 2: A volume-rendered CTCA image (A) reveals the anatomy of the RCA. Two orthogonal cMPR images (B, C) and a MIP image
(D) disclose a normal coronary artery without obstructive or non-obstructive plaques which was confirmed by CCA (E).
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Chapter 6, Figure 1. Volume rendered DSCT image (colored image) and corresponding conventional angiography image of the right coronary artery
(RCA), left anterior descending artery (LAD), circumflex artery (CX) intermediate branch (IM), diagonal branches (D1, D2) in a 57-year-old man
with stable angina and an equivocal bicycle test. Mean heart rate during scanning was 78 bpm. A significant lesion was found in the midpart of the LAD
(arrow) with detailed color inlay, curved multiplanar reconstruction (bottom left) and maximum intensity projections (MIP) image (bottom right). The
proximal part of the CX showed an occlusion (arrowhead).
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Chapter 6, Figure 2. Conventional angiography image and corresponding volume rendered DSC'T image (colored image) in a 68-year old man present-
ing with unstable coronary artery disease. Mean heart rate during scanning was 66 bpm. The arrow indicates a high-grade stenosis in the midpart of the
right coronary artery. The arrowheads in the curved multiplanar reconstruction image (bottom) indicate cross-sections proximal, within and distal from the
occlusion (arrowheads).
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Chapter 7, Figure 1. Volume-rendered CTCA image (A) of the right coronary artery. A curved MPR (B) and a thick MIP (C) disclose a significant
coronary stenosis (arrow) in the mid right coronary artery which was corroborated by CCA (D). Proximally and distally of the significant obstructed lesion,
non-significant calcified plaques can be seen (C).
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Chapter 8, Figure 1. This patient with prior history of a mitral valve plasty for endocarditis was admitted with
a non-ST segment elevation myocardial infarction. A volume-rendered CTCA image (A) reveals the anatomy
of the right coronary artery. Two curved multiplanar reconstructed images (¢MPR) (C, D) disclose a significant
stenosis (arrow) in the proximal right coronary artery which was corroborated by CCA (B).
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Chapter 9, Figure 1. Quantitative coronary angiography (QCA), Quantitative CT coronary angiography (QCT), conventional coronary angiography
and CT coronary angiography are plotted versus fractional flow reserve (FFR). There was a weak, but significant negative correlation between QCA and
FFR (r: -0.30) and between QCT and FFR (r: -0.32). Coronary arteries smaller than 3.5 mm are depicted as solid dots, coronary arteries larger than
3.5 mm as open circles.

384 | 20



83

Pd mean

85,8

CURSOR

TR

[RESET

Chapter 9, Figure 2. Patient showing a coronary artery stenosis (arrow) in the left anterior descending coronary artery, as visualized with CT coronary
angiography (CTCA) (panel A, volume-rendered image; panels B and C, two orthogonal curved multiplanar reconstructions) and conventional coronary
angiography (CCA) (panel D). By visual assessment, the coronary lesion was estimated as less than 50% diameter stenosis, both by CTCA and CCA. By
quantitative analysis, the diameter stenosis was measured as 44% by quantitative coronary angiography and 40% by quantitative CT coronary angiography.
The fractional flow reserve was 0.71. Based on the functional assessment, the patient underwent a successful percutaneous coronary intervention for this
anatomically intermediate stenosis.
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Chapter 11, Figure 1. Measurement of calcium score at the segment level

To classify coronary segments consistently, contrast-enhanced MSCT-CA axial images (A) were available to the observer. Side branches, especially if non-
calcified, could have been difficult to detect on non-enhanced images (B, C). Because the quantification software did not allow labelling of the 17 coronary
segments individually, the 4 available labels (named as the 4 major coronary vessels) were used interchangeably and applied to coronary segments (D).
LM = left main artery; LAD = left anterior descending artery; LCx = left circumflex; IMB = intermediate branch.
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Chapter 11, Figure 2. Method for separation of connected calcifications in a slice

To assign calcifications to the corresponding individual coronary artery segment, there needed to be separation of connected lesions in a slice (A, B). To achieve
this, calcifications were edited manually (C) and split (D) using the 3D Edit’ function (C, insert and arrow) of the software (syngo Calcium Scoring).
LAD = left anterior descending artery; LCx = left circumflex.
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Chapter 11, Figure 3. Calcification morphology
Calcification morphology was classified as spotty (A, arrowhead), wide (B, arrow) and diffuse (C, gross arrow) based on the width and length of the calci-
fication in relation to the coronary segment diameter (Table 1).
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Chapter 14, Figure 1. Three different types of post-processing techniques are shown: volume-rendered (VRT) CTCA
images (A,B), a maximum intensity projected (MIP)- (C) and three curved multiplanar reconstructed images (¢<MPR,
E,F,G) show a patent right coronary artery which is confirmed by CCA (D). The bright white spots (C, E, G) represent
calcifications of the stenotic aortic valve.
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Chapter 14, Figure 2. Volume-rendered (VRT) CTCA image (A,B) reveal the anatomy of the left
coronary artery. Two cMPR (E,F) disclose a significant stenosis in the left anterior descending coronary
artery which was corroborated by CCA (C,D). Although the VRT images provide an excellent overview
of the coronary anatomy they should not be used for the diagnostic assessment of presence of coronary
stenoses.
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Chapter 15, Figure 1. Arterial and venous graft disease.

Volume-rendered reconstruction (I) and curved multiplanar reformations (ILIV) of a CT scan and corresponding conventional angiography (111, V),
which show an occluded left internal mammary artery (LIMA, arrow in LILIII) and obstructed vein graft (SVG). The venous graft has three coronary
anastomoses (and 3 graft segment): second diagonal branch (D2), first marginal branch (MO1), posterior descending artery (PDA), of which the terminal
segment is significantly stenosed (arrow LIV]V).
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Chapter 15, Figure 2. Patent right internal mammary artery graft.
Panel A. CT (Volume-rendered reconstruction (1), multiplanar reconstruction (I1)) and conventional angiogram (III) of a patent right inter-
nal mammary artery (RIMA, arrows) connected to the RCA without obstructive disease.
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Chapter 15, Figure 3. Bypass graft and coronary run-off disease.

CT (3D volume rendering (A); maximum intensity projection (B)) and conventional angiography (C), of a patent LIMA anastomosed to the
LAD. Distal tot the anastomosis is a significant lesion (arrow) in the run-off branch (I). A vein graft (SVG) is significantly obstructed (arrow)
proximal and distal to the anastomosis with a marginal branch (MO2) (II). The (bypassed) RCA is diffusely diseased with extensive calcifica-
tion and several sites of significant narrowing (III, arrows).
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Chapter 15, Figure 4. Non-grafted coronary arteries.

Patient with an occluded vein graft to the distal RCA (arrow, panel VI), and occluded arterial graft to the left anterior descending coronary artery. The
proximal and mid-segment of the RCA show plaque without significant narrowing (arrow heads), and the distal RCA is completely occluded. (V-VII).
The left main coronary artery (LM), intermediate branch (Int) and first marginal branch (MO1) are all without significant disease (I-I1I).
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Chapter 16, Figure 1. Late follow-up main stem transthoracic ultrasonography (1a) and DSCT coronary angiography of a patent composite arterial T
graft from the transverse (1b), lateral (1c) and anterolateral view (1d). (a) main stem of the T graft; (b) LIMA branch of the T graft; () FRIMA branch

of the T graft; (d) native obtuse margin branch. DSCT, Dual-source computed tomography; LIMA, left internal mammary artery; FRIMA, free right
internal mammary artery.
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Chapter 16, Figure 2. Late follow-up main stem transthoracic ultrasonography (2a) and DSCT coronary angiography of a composite arterial T graft
from the transverse (2b), anterolateral (2¢) and lateral view (2d). (a) main stem of the T graft; (b) LIMA branch of the T graft; (c) occluded FRIMA
branch of the T graft. Abbreviations as in Figure 1.
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Chapter 16, Figure 3. Late follow-up transthoracic ultrasonography (3a) and DSCT coronary angiography of a patent single LIMA graft to the LAD

with an additional patent venous graft from the lateral (3b,3d) and anterolateral (3¢) view. (a) LIMA graft; (b) proximal venous graft anastomoses to the
aorta; (c) patent venous jump graft to the lateral and inferior wall; (d) native obtuse margin branches. LAD, left anterior descending artery. Abbreviations
as in Figure 1.
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Chapter 17, Figure 1. Late follow-up main stem transthoracic ultrasonogaphy (1a) and DSCT coronary angiography of a patent compos-
ite arterial T-graft from the transverse (1b) and anterolateral view (1c). (a) main stem of the T-graft; (b) LIMA branch of the T-graft; (c)
too large, not kinking, patent FRIMA branch of the T-graft. DSCT, Dual-source computed tomography; LIMA, left internal mammary
artery; FRIMA, free right internal mammary artery; SPV; systolic peak velocity (cm/s); DPV; diastolic peak velocity (cm/s).
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Chapter 17, Figure 2. Late follow-up main stem transthoracic ultrasonogaphy (2a) and DSC'T coronary angiography of a composite arterial
T-graft from the transverse (2b) and anterolateral view (2c). (a) main stem of the T-graft; (b) string sign LIMA branch of the T-graft; (c)
patent FRIMA branch of the T-graft. Abbreviations as in Figure 1.
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Chapter 17, Figure 3. Late follow-up transthoracic ultrasonogaphy (3a) and DSCT coronary angiography of a patent single LIMA graft to the LAD
from the transverse view (3b) with an additional patent venous graft from the lateral view (3c). (a) patent LIMA graft. (b) patent venous jump graft to the
lateral and inferior wall. (c) native obtuse margin branches. Abbreviations as in Figure 1.
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Chapter 18, Figure 1a. Visualization of the circumflex obtuse marginal bifurcation by invasive coronary angiography (a) and volume-rendered computed
tomography coronary angiography (b). The three-dimensional representation of the heart, as shown in (b), can be obtained by summation of the ‘raw’ axial
computed tomography images that have a defined x-y-z dimension. The conventional planes that are used for visualization of this volume data set are the
axial plane (axial), the coronal plane (coronal) and the sagittal plane (sagittal). CX, circumflex coronary artery; LAD, left anterior descending coronary
artery; OM, obtuse marginal branch.
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Chapter 18, Figure 1b. Scrolling of axial images provides a quick view of the data set to assess crudely the main features of the coronary anatomy. To obtain
a precise view of the structure of interest, in this example the circumflex-obtuse marginal bifurcation, the planes of visualization need to be orientated to the
geometrical orientation of the coronary structures. As a first step, the three conventional image planes are centered at the level of the branching point (a-c).
The three-dimensional nature of the CT data allows to subsequently tilt these image planes in any orientation. The resulting multiplanar reconstruction (d)
precisely shows the relationship of the main vessel with the side branch and is used to assess the angle between the initial course of distal portion of the main
vessel and side branch (in this example, 31°). Also shown is a maximum intensity projection computed tomography image (e) to demonstrate the anatomical
correlation with the angiographic view. We did not use this maximum intensity projection reconstruction to determine bifurcation angles. CX, circumflex

coronary artery; LAD, left anterior descending coronary artery; OM, obtuse marginal branch.
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Chapter 18, Figure 3. CT coronary angiogram and corresponding conventional angiogram in a patient presenting with unstable angina. The
volume-rendered CT image (A) suggests the presence of a significant ostial narrowing (arrow) of the LAD. On ICA (B) the stenosis (arrow)
was classified as Medina type 0.1.0. Maximal intensity projected (C) and multiplanar reconstructed (D and E) CT images however showed
additional significant involvement of the distal LM (arrow) and thus reclassified the lesion as Medina type 1.1.0.

CX: circumflex coronary artery, LAD: left anterior descending coronary artery, LM: left main coronary artery.
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