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GENERAL INTRODUCTION

Stable angina is a commen and disabling disease with coronary artery disease (CAD) accounting
for 68% of heart related deaths (|}, Common risk factors for CAD include hypertension, high
cholesterol levels, cigarette smoking, obesity, and a family history of heart disease, Traditionally
ischemic testing include exercise ECG and stress myocardial perfusion imaging (SPECT) for the
non-invasive detection of inducible ischemia. Invasive coronary angiography (ICA) is generally
considered the standard of reference for the detection of significant CAD.

Cardiac multi-slice CT (MSCT) has rapidly evolved as an alternative non-invasive imaging test
(2). Coronary calcium, as assessed by non-contrast enhanced CT coronary calcium score
(CCS), is a marker of the prasence of coronary atherasclerosis (3), but its presence does not
necessarily imply the presence of a coronary stenosis.

Three large mutticenter studies have demaonstrated the high diagnostic performance of 64-slice
CT coronary angiography (CTCA) for the detection of significant CAD in patients with stable
angina (4-6). The selection of a test, however, depends not only on the diagnostic accuracy of
the test, but also on cther factors including pretest probability of disease, safety, costs, avail-
ability, patient’s convenience and the use of radiation.

The dinical utifity of CTCA in the diagnosis of significant CAD remains to be established. There
Is an ongoing debate whether management of patients with stable angina should be primarly
based on anatomical or functional imaging. Thers is a well known dissociation between the
functional relevance of a coronary obstruction (ischemia) and the anatomical severity of a coro-
nary stenosis that is heamodynamically significant (7-8). CTCA is moderately predictive for
indicating the functional significance of a lesion, but is highly predictive for exclusion of significant
CAD. There is wide consensus that 64-slice CTCA may serve as a reliable gatekeeper test to
ICA.

Limitations of 64-slice CTCA include insufficient spatial resolution to reduce blooming artefacts
in severly calcified segments or coronary stents; insufficient temporal resolution to ageuire mo-
tion free images in patignts with arrythmias; and a relative high patient dose (5-15 mSv), Before
CTCA may replace ICA, the technique needs further improvement with better spatial and
ternporal resolution at low radiation exposure.



CHAPTER 1

OUTLINE OF THE THESIS

The diagnostic performance of dual-source CTCA for the detection of significant CAD s evalu-
ated in Fart 2 in symptomatic patients without known CAD (Chapter 2 and 3) and in patients
after percutaneous coronary intervention (Chapter 4} or coronary bypass surgery (Chapter 5).

Part 3 emphasizes on the clinical application of é4-slice CTCA in relation to available nonin-
vasive diagnostic tests in patients presenting with stable angina. The diagnostic performance of
exercise ECG with CTCA was cormpared in 334 patients, and SPECT with CTCAIn 6! patlents
for the detection of obstructive CAD (Chapter 6). The accuracy and clinical utility of stress test-
ing and CTCA for identifying patients who require invasive coronary angiography was investi-
gated in relation to pretest probability (Chapter 7). The incremental value of clinical evaluation,
bicycle stress testing and CT coronary calcium score was evaluated and a clinical probability
score for restrictive referral to CTCA was developped (Chapter 8).

Three manuscripts are provided in Part 4 which describe optimization of dual-source spiral CT
scan protocols using electrocardiographic (ECG) pulsing. The optimal width and timing of the
ECG pulsing windows In refation to heart rate, image quality, and radiation exposure is provided
{Chapter 9). The following chapter describes the effects of standard and optimal ECG pulsing
on diagnostic performance, radiation dose, and cancer risk (Chapter 10). The impact of heart
rate frequency and variability on radiation exposure, image quality, and diagnostic performance
using adaptive ECG pulsing is evaluated (Chapter | 1).

Part 5 provides a current and future perspective on CTCA, The role of CTCA in stable patient
management based on clinical experience and performed studies is described and atternative
diagnostic testing algorithms using CTCA are presented (Chapter 12). Finally, future directions
of CTCA are discussed (Chapter 13).
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ABSTRACT

OBJECTIVES: Qur objective was to prospectively evaluate the dizgnostic performance of
the high-speed dual-source computed tomegraphy scanner (DSCT), with an increased termpo-
ral resolution (83 ms), for the detection of significant coronary lesions (= 50% lumen diameter
reduction) in a <linically wide range of patients,

BACKGRGUND: Cardiac motion artifacts may decrease coronary image quality with use of
eatlier computed tomaography scanners that have a limited temporal resolution.

METHODS : We prospedtively studied 100 symptomatic patients (79 men, 21 women, mean
age 61 1| years) with atypical (189%) or typical (55%) angina pectoris, or unstable coronary
artery disease (27%) scheduled for conventional corenary angiography, Mean scan time was
8.58 + 1.52 5. Mean heart rate was 68 = 1| beats/min. Quantitative coronary angiography
was Lsed as the standard of reference. Irrespective of image quality or vessel size, all segments
were included for analysis.

RESULTS : Invasive coronary anglography demonstrated no significant disease in 23%, single-

vessel disease In 319, and multivessel disease in 46% of patients; | 489 coronary segments,
containing 220 significant (14.8%) stencses, were available for analysis. Sensitivity, specificity,
and positive and negative predictive values of DSCT coronary angiography for the detection of
significant lesions on a segment-by-segment analysis were 95% (95% confidence interval [CI]
90 to 97), 95% (95% C1 93 to 96), 75% (95% Cl 69 10 80), 999% (95% 1 98 to 99), respec-
tively, and on a patiert-based analysis 99% (55% Cl 92 to 100), 879% (95% Cl 65 to 97), 96%
(959 Cl 89 to 99), and 95% (35% Cl 74 to 100), respectively.

CONCLUSIONS: Noninvasive DSCT coronary angiography is highly sensitive to detect and

o reliably rule out the presence of a significant coronary stencsis in patients presenting with
atypical or typical angina pectoris, or unstable coronary artery disease.
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CHAFTER 2

INTRODUCTION

For almost 50 years, invasive coronary angography has been the standard of reference for
diagnosing coronary artery disease. However, noninvasive coronary imaging with computed
tomography (CT) has rapidly emerged, and initial experience with 4-, 16-, and &4-slice CT
coronary angicgraphy has been reported {1-13). Despite technical advances in CT technology,
a substantial number of coronary segments remain unevaluable due to presence of motion
artifacts and a fimited image resoluticn, which seriously harmpered dinical implemertation of
CT coronary angiography (4)(14),

A newly introduced dual-source computed tomography (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 beta-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 diagnostlc performance of DSCT coronary angiography to detect or rule
out significant coronary stenoses in the dinically 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 subse-
quently included during a |0-week period 1| 1 symptomatic patients with atypical angina, typi-
cal angina, and unstable corcnary artery disease (unstable angina or non-ST-segment elevation
myocardial infarction) scheduled for conventional coronary angiography (CCA). Al CT exarni-
nations were performed before CCA. Only patients in sinus heart rhythm without previous
history of percutaneous coronary intervention or bypass surgery were induded. Excduded were
|l patients with known allergy to iodinated contrast material (n = 1), impaired renal function
{(serum creatinine > 20 umolf) {(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 men, 2| women, mean age 6! = 0.9 years; range 28 to 87 years). The institutionai re-
view board approved the study, and all patients gave informed consent.

PATIENT PREPARATION
No oral or intravenous prescan beta-blockers were administered before the scan.

SCAN PROTOCOL AND IMAGE RECONSTRUCTION

All patients were scanned using a DSCT (Soematom Definition, Siemens Medical Solutions, For-
cheim, Germany). The system combines 2 arrays each consisting of an Xeray tube plus detector
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(64 slices) mounted on a single gantry with an angular offset of 9C° and a gantry rotation time of
330 ms. Dual scurce computed tomography permits spiral CT scanning of the corcnary arter-
ies 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 bow-
tie filter, a smaller field of vision of the second detector, and an increased pitch in higher heart
rates, All patients underwent a nonenhanced CT scan for caldum scoring before DSCT coronary
angiography. All patients recefved 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 509 to 70% of the R-R interval. A single dataset was recon-
structed using electrocardiogram (ECG) gating with a slice thickness of 3 mm and increment of
.5 mm using a medium convolution kernel (B35f) during 60% of the R-R interval.

CT coronary angiography scanning parameters were as follows: two x-ray tubes, detector col-
fimation of 32 x 0.6 mm per tube with double sarmpling by means of rapid aiteration of the focal
spotin the longitudinal direction (z-fiying focal spot}, rotation time of 330 msec, tube voltage of
F20 kV, and full tube current of 625 maA per tube, Pitch values were adapted to heart rate after
an estimation based on the last 10 heartbeats preceding the scan. And full X-ray tube current
was given during 25% to V0% of the R-R interval.

The volume of iodinated contrast material (Ultravist 370 mgl/ml, Schering AG, Berlin, Germa-
ny) was adapted to the scan time. A contrast bolus (60 to %0 mgl) 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 mifs. A bolus tracking
technique was applied to synchronize the arrival of contrast in the corcnary arteries and the
start of the scan,

All CT data sets were reconstructed by using a single-segmenit reconstruction algorithm, which
resulted in a temporal resolution of 83 msec, a section thickness of 0.75 mm in 0.4-mm incre-
ments, and medium-to smooth (B26f) and sharp (B46f) convolution kernels. The resultant
ranges of in- and throughplane spatial resolution were 0.6 -0.7 mm and 0.4 -0.5 mm, respec-
tively (15}, Images were reconstructed after a stepwise pattern depending on patient's heart
rate during scanning. Initially, 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 beats/min), dur-
ing both the mid- to end-diastolic phase and end-systolic phase (275 ms after the next R-wave)
in patients with intermediate heart rates {60 to 80 beats/min), and during the end-systolic phase
in patients with high heart rates (> 80 beats/min).

Image quality was assessed on a per-segment level. In case of persistent coronary motion
artifacts 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.

14



CHAPTER 2

The effective dose for DSCT coronary angiography was estimated based on Monte Carlo cal-
culations {ImPACT, version 0.99x, St. George’s Hospital, Tooting, London, United Kingdom).

QUANTITATIVE CORONARY ANGIOGRAPHY (QCA)

One experienced cardiologist, unaware of the results of DSCT coronary angiography, identi-
fied all available coronary segments using 2 | 7-segment modified American Heart Association
classification (15). All segments, irrespective of size, were induded 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 nonsignifi-
cant disease (luminal irregularities or <50% diameter stenasis), or as having significant stenoses
(250% diameter stenosis). Stenoses were evaluated in 2 orthogonal views, and classified as
significant if the mean lumen diameter reduction was =50% using a validated QCA algorithm
(CAAS, Pie Medical, Maastricht, The Netherlands)

DSCT IMAGE EVALUATION

One experienced observer, unaware of the results of CCA, calculated total calcium scores as
Agatston scores, using validated software {Syngo MMWP VEZ0A, Siemens, Forchheim, Ger-
rnany).

OCne observer evaluated image quality on a per-segment level and dassified as good image qual-
ity (defined as absence or presence of any image-degrading artifacts related to motion, calcifica-
tion, or noise, but evaluations possible with good-to-moderate confidence), or poor (presence
of image-degrading artifacts and evaluation only possible with low corfidence). Irrespective of
image quality, 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 corenary angiog-
raphy datasets. Axial views and maximum intensity projections were used to identify coronary
lesions. In addition, (curved) multiplanar reconstructions were used to classify coronary lesions
into significantly diseased or not. Interobserver disagreements were resclved by consensus in
a joint session.

STATISTICAL ANALYSIS

The diagnostic performance of DSCT corenary angiography for the detection of significant
lesions in coronary arteries with QCA as the standard of reference is presented as sensitivity,
specificity, positive predictive value and negative predictive value, and positive and negative
likelihood ratios with the corresponding 95% confidence intervals (Cls). Comparison between
DSCT coronary angography and QCA was performed on 3 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 intraocbserver variability for the detection of significant coronary artery ste-
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nosis was calculated using x statistics. To determine the intraobserver variability, one observer
evaluated 30 (33%, 30 of 100} CT datasets twice with a time interval of 3 weeks.

RESULTS

Patiert demographics are shown in Table |. The mean interval between conventional and
DSCT coronary angiography was 4.0 £ 4.8 days (range 0 to 17 days). All scans were per-
formed without the use of oral or intravenous beta-blockers. Mean scan range was 1.9 =
I.1 em (range 9.3 to 13.8 cm). Mean CT acquisition time was 8.6 = .55 (range 5.7 to 12.7
s). Pitch varied between (.20
and 0.53. Mean heart rate was
68 = | beats/min (range 44 -

Table 1. Patient Demographics (n = 100).

to 107 beats/min). The Ag‘:e:"-.)'.‘f;"::(.'"éf‘ge-)'f - 6'11 ! (23'87)
. over-

all radiation exposure for CT Men, % 79

coronary angiography was es-

Women, % 2]
timated as 1.1 to 4.4 (men - v

to women) mSv; 71 (71%, 71
of 100} patients had long-term
beta-blocker medication. The
estimated radiation exposure
of DSCT coronary anglography
was i35 to [6.9 mSv (men
to women) in low heart rates
(mean 56 beats/min), 10.7 to
2.8 mSv (men to women) in
moderate heart rates {(mean 68
beats/min), and 8.3 tc 9.6 mSv
(men to women} in high heart
rates (mean 81 beats/min). In
5% (5 of 100) of patients with
a ventricular extrasystole and in
3% (3 of 100) of patients with a
premature atrial complex, ECG
editing was successful. A single
dataset for the assessment of
significant stenoses was used in
819%, 2 datasets in 16%, and
3 datasets in 3% of patients in
order 10 obtain optimal image
quality on a per-segmenit level.

16

: Clinical presentation

Atypical angina, % 18
Typical angina, % 55

Unstable CAD, % 27

Hypertension, % 58

Hypercholesterclemia, % 55
Smoker, % 63
Diabetic mellitus, % |9
Family history of CAD, % 38

Chbese (body mass index 230 kg/m*, %6 &5

Invasive coronary angiography

Absence of CAD, 9% 6

Nonsignificant disease, % 7
Single-vessel disease, % 31
Multivessel disease, % 46

CAD = coronary artery disease; Unstable CAD = patients with
unstable angina or non-ST-segment elevation myocardial infarc-
tion.



CHAPTER 2

Image quality was classified as good in 94% {1 400 of |,489) and poor in 6% (89 of 1,489 on
a per-segmert level, Reasons for poor image quality were breathing motion artifacts (33%, 29
of 89), cardiac motion artifacts (149, 12 of 89), severe calcifications (46%, 41 of 89), or low
contrast-to-ncise (8%, 7 of 89).

DIAGNOSTIC PERFORMANCE OF DSCT CORONARY ANGIOGRAPHY
The diagnostic accuracy of DSCT 1o detect significant stenoses on a patiert-, segment-,
and vessel-based analysis is detailed in Table 2. Typical examples are shown in Figure 1 and
Figure 2.

PATIENT-BY-PATIENT ANALYSIS

Twenty patients with either an angiographically normal coronary angiogram (n = 16) or with
nensignificant 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 nonsignificant disease with DSCT. Agreement between DSCT coro-
nary angiography and QCA on a per-patient (no or any disease) level was good (x value (.89).
Agreement between both techniques for classifying patients as having no, single-, or multivessel
disease was very good (k value 0.85),

VYESSEL-BY-VESSEL ANALYSIS

One significantly diseased left anterior descending artery and 2 significantly diseased right coro-
nary arteries were incorrectly classified as nonsignificantly 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 drcumflex coronary arteries
100%. Agreemant between CT coronary angiography and QCA on a per-vessel level was
very good (x value 0.85).

SEGMENT-BY-SEGMENT ANALYSIS

Atotal of 1,489 segments that were visualized with invasive coronary angiography were ana-
lyzed with DSCT coronary angiography. There were {2 (5.5%, 12 of 220) segments, which
were incorrectly classified as having nonsignificant stencsis by DSCT, of which 3 segments dem-
onstrated poor image quality due to cardiac motion artifacts in 2 segments (mean heart rates
65 and 78 beats/min) and due to severe calcifications in | segment. There were 69 (5.4%, 69
of 1,269) segments, which were incorrectly classified as having a significant stenosis by DSCT,
of which |9 segments demonstrated poor image guality due 10 severe caldfications in 16 seg-
ments, & cardiac motion artifact in | segment {mean heart rate 68 beats/min), a breathing
artifact in | segment, and low contrast-to-noise in | segment.

Agreement between CT coronary angicgraphy and QCA ¢on a per-segment level was very

good (x value 0.81). The k value of inter- and intraobserver variability for the detection of a
significant stenosis per segment was .83 and 0.85, respectively.
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{12 of 13, 95% CI 87 to 96); specificity was 949% (82 of 87, 25% CI 90 to 99}, positive predic-
tive value was 7196 (12 of |7, 95% Cl 62 to 80); and negative predictive value was 999 (82
of 83, 95% CI 97 1o 100).

DISCUSSION

Earlier studies using 4- and [é-slice CT scanners reported moderate-to-good diagnostic ac-
curacy to detect significant lesions (1-8) (14), but the technique was serfously timited by the
presence of unevaluable segments that were, on average, 22% and 9% for the 4- and | 6-slice
CT, respectively (14). In a recent mutticenter study using [6-slice CT scanners, the percentage
of unevaluable coronary segmerits was 29% (4).

The development of 64-slice CT scanners involved a significant improvement in image quality
and robustness of CT coronary angiography; however, on average, 5% and in one report even
129 of segments were reported to be unevaluable, and diagnostic accuracy was reduced at
higher heart rates {9, 10, 17, and |8).

The introduction of DSCT is another step forward. This scanner is equipped with 2 X-ray tubes
(dual source) thereby significantly reducing the temporal resclution to 83 ms independent of
heart rate, using single-segment reconstruction. In non-DSCT systems, multisegment algo-
rithms are used to improve termporal resolution. However, this approach is very dependent on
a regular heart rate. Minor vaniation in the time interval between consecutive heart beats can
result in interpelation artifacts and image blurring. Furthermore, multisegment reconstruction
algorithms require a lower pitch thus fonger scan times, more contrast material, and a higher
radiation exposure. Multisegment approaches can aso be applied in DSCT, resulting in 2 mean
temporal resolution of up to 49 to 60 ms at 0.33 s gantry rotation time. This approach is not
recommended for corenary angiography examinations, but may be useful for advanced func-
tional evaluation (i 5).

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-spead DSCT scanner, poor image quality
due to cardiac mation artifacts was observed in 149 of the coronary segments. However, the
incidence of pcor image quality occurred independent of heart rate, and good image quality
could also be obtained in high heart rates.

We demonstrated that DSCT coronary angicgraphy had a high diagnostic accuracy to detect
signfficant coronary lesions on z per-segment-based level as compared with QCA, We selectad]
a =50% diameter stenosis as the cutoff criterion for significant coronary artery disease to al-
low comparison with the majority of previous published reports (19). A segmental analysis is
diinically useful in patients referred for coronary angiography to assess location (proximal, mid,
distal, right coronary artery, ieft anterior descending artery, circunrflex artery); severity (luminal
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narrowing =509%); and extent (|-, 2-, or 3-vesse! disease) of coronary artery disease, which
determines the value of CT scanning as an atternative to invasive coronary angiography. The
patient-based diagnostic accuracy was high (36%), and a negative DSCT scan reliably ruled out
the presence of a significant corcrary stenosis in patients with atypical and typical angina, and
unstable coronary artery disease (Table 5}, These findings indicate that DSCT scanning is reli-
able as a gatekeeper of invasive coronary angiography.

In patients with a positive CT scan showing a severe (>>70% diameter stenesis) lesion or &
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 func-
tionally significant lesions from the ones that are not hermodynamically important (20). In this
situation an additional functional imaging test such as myocardial perfusicn scintigraphy or stress
echocardiography would be & logical step before referring the patient for an invasive angiogram
and possible revascularization. In patients deemed necessary to undergo revascularization, di-
rect referral to the cathlab may be more logical with invasive assessment of the functional
relevance of a lesion using fractional flow reserve and performance of percutanecus coronary
intervention in the same sessicn.

Lastly, new developments in CT coronary angiography are desirable for further improvement
in clinical performance. Increased gantry rotation speed can further improve temporal resolu-
tion, but structural modifications will be required to account for a substantial increase in me-
chanical forces on the gantry, An alternative concept is the use of multiple (>2) X-ray sources
and detectors 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 in an excessive X-ray radia-
tion exposure, Thus, new detector technology is needed to further improve spatial resolution.

LIMITATIONS

Dual source computed tomography scanner corenary angiography should not be performed in
patients with significart renal dysfunction or contrast intolerance. This further restricts the use
of CT coronary angiography to selected patients, which should be taken into account when the
technigue is going to be applied in general clinical practice.

One advantage of DSCT is that patients with higher heart rates do not require premedica-
tion with beta-blockers because necessary treatment with beta-blockers before 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 banefit fram an increased
workflow. However, the use of DSCT in low or intermediate risk patient groups with expected
lower use of chronic beta-blockers could be more efficient in terms of diagnostic throughput.
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The rather high radiation exposure with CT coronary angicgraphy is of concern. In our study,
the overal effective dose for DSCT coronary angiography was estimated as .1 to 4.4 mSv
{menfwomen), which is iower than the reported effective dose in 64-slice CT angiography
{(15.2to 21.4 mSv menAvomen) (21). The significant reduction of effective radiation dose (8.3
to 9.6 mSv menfwomen) in high (>80 beats/min) heart rates as compared with low (<60
beats/min} heart rates (13.5 to 16.9 mSv men/vomen) can mainly be ascribed to an increased
pitch and, therefore, shorter scan times in patients with high heart rates. However, compared
with the effective dose in diagnostic coronary angiography (3 to 10 mSv) (22), the effective dose
in DSCT coronary angiography still remains relatively high.

I this initial experience with the DSCT scanner, we selected a refatively wide pulsing window
{(25% to 70% of the R-R 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 hetween 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 quality, 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 stud-
ies using 64-slice scanners. However, our results demonstrate that DSCT technology enables
us to scan patients with minor heart rate irregularities, such as a ventricular extrasystole 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.

Sevare calcifications remain problematic. Caldifications obscure the underlying lurmen and pre-
clude judgment of coronary lumen integrity resulting in overestimation of the severity of a
coronary stenosis, This explains the observation that in 849 (16 of 19) of segments, which
were incorrectly classified as having a significant stenosis by DSCT, severe caldifications resulted
in poor image quality. In patients with high (mean 927 = 727) Agatston scores, diagnostic ac-
curacy was lower (91%) as compared with patient with low (mean 17 = 27) Agatston scores
{98%:; (Table 3},

Our study was performed in a selected population consisting of symptomatic patients who
were referred for conventional corcnary angiography. This was evidenced by the fact that our
study population had a high prevalence of coronary disease (77%, 77 of 100}, and that a fairly
large population had multivessel disease (46%, 46 of 100). In this population, DSCT coronary
angiography performed 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-inter-
mediate prevalence of disease or in a nonchest-pain population.

24



CHAPTER 2

CONCLUSIONS

Qur study was performed in a high-risk population with a wide range of symptoms who were
referred for conventicnal coronary angiography. Dual scurce computed tomography coro-
nary angiography demonstrated a high diagnostic accuracy for the detection or exclusion of
significant stenoses in patients with various heart rates without excusion of unevaluable seg-
ments. These results indicate that the technique may now be tested in a cohort with a low-to-
intermediate pretest probability of coronary artery disease or in patients with nonanginal chest
pain to establish the role of DSCT coronary angiography In the management of patients with
suspected coronary artery disease.
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ABSTRACT

We compared the diagnostic accuracy of 64-slice computed tomographic (CT) coronary angi-
ography to detect significant corcnary artery disease (CAD) in women and men. The é4-slice
CT coronary angiography was performed in 402 symptomatic patients, 123 women and 279
men, with CAD prevalence of 5196 and 689%, respectively. Significant CAD, defined as =50%
coronary stenosis on quantitative coronary angiography, was evaluated on a patient, vessel, and
segment level. The sensitivity and negative predictive value to detect significant CAD was very
good, both for women and rmen (1009 vs 99%, p = NS; 100% vs 98%, p = NS), whereas
diagnostic accuracy (88% vs 96%; p <0.01), spedificity (75% vs 30%, p <0.05), and positive
predictive value (819 vs 95%, p <0.001) were lower in woemen, The per-segment analysis
demonstrated lower sensitivity in women compared with men (829 vs 939, p <0.001). The
sensitivity in women did not show a difference in proximal and midsegments, but was signifi-
cantly lower in distal segments {56% vs 85%, p <0.05) and side branches (549 vs 89%, p
<Q.001}. In conclusion, CT coronary angiography reliably rules out the presence of obstructive
CAD in both men and women, Specificity and positive predictive value of CT coronary angiog-
raphy were lower in women. The sensitivity to detect stenosis in smali coronary branches was
lower In women compared with men.
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INTRODUCTION

Computed tomographic coronary anglography (CTCA) is a rapidly evolving coronary imaging
technique, and a potential alternative to established noninvasive tests for coronary artery dis-
ease (CAD). The diagnostic accuracy of CTCA in women per se has not been investigated, but
is extrapolated from reports that were performed in populations largely consisting of man (1-9),
Althcugh earier data suggested a discrepancy between men and wornen with regard to the
diagnostic performance of ischemia-driven tests, recent reports using contemporary exercise
electrocardiographic (ECG) testing, stress echocardiography, and gated single-photon emission
computed tomegraphy myocardial perfusion imaging refute these earlier conclusions, and state
similar diagnostic results for both women and men (10-16). Apart from varying age, disease
prevalence and severity, additional anatomic and physiologic differences, including body com-
position, heart rate, coronary calcium, and coronary diameter size, between men and women
may affect the diagnostic performance of CTCA. The purpose of this study was to ascertain the
diagnostic accuracy of CTCA in women versus man 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 who were
referred for conventional coronary angiography (CCA} were included in the study. No pa-
tients with a history of parcutanecus coranary intervention or coronary artery bypass surgery,
impaired renal function (serum creatinine > 120 ymol/L), persistent arrhythmias, and known
intolerance to icdinated contrast material were included. CCA was performed before or after
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 >65 beats/min received additional p blockers (50/100 mg metopro-
iofy | hour before the CT examination. All scans were perfermed on a 64-slice CT scanner
with a gantry rotation time of 330 ms, a temporal resolution of 165 ms, and a spatial resolution
of 0.4 mm?® (Sensation 64; Siemens, Forchheim, Germany). For the coronary calcium score, a
low-dose, nonenhanced scan was performed with the following, standardized parameters: 32
X 2 slices per rotation; individual detector width of 0.6 mm, 330-ms rotation time, 3.8-mm/
rotation table feed, [20-kV {ube voltage, 150-mAs tube current, with adtivated prospective
x-ray tube modulation. The CTCA scan was performed with identical parameters except for a
higher tube currert between 850 and 960 mAs without prospective ECG x-ray tube modula-
tion. The radiation exposure was estimated using dedicated software (ImPACT, version 0.99x,
St. George's Hospital, Tooting, London, United Kingdorn). A 95-ml bolus of iomeprol {lom-
eron, 400 mg/nl; Bracco, Milan, taly) was injected intravenously into an antecubital vein at 5
ml/s. A bolus-tracking technique was used tc monitor the arrival of contrast in the coronary
arteries. The scan was started once the contrast material in the ascending aorta reached a pre-
defined threshold of + 100 Hounsfield units.
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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
65 ms. To acquire optimal moticn-free images, images were reconstructed by retrospective
ECG gating. Initially, a single dataset was reconstructed during the mid-to-end-diastolic phasa
(350 ms befere the next R wave or at 659 of the R-R interval). In case of insufficient image
quality of 2| coronary segments, additional datasets were reconstructed in the diastolic phase
{between 250 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 percentage technique (between 250 and 400 ms zafter the previous
R wave or between 25% and 35% of the R-R interval). In 34% of the patients (137 of 402)
end-systolic reconstructions were used for image analysis. If necessary, multiple datasets of a
single patient were used separately to obtain cptimal image quality of all available coronary
segrments.

All scans were carried out within | week before or after CTCA. One experienced cardiologist,
who was unaware of the CTCA results, identified and analyzed all corcnary segrments accord-
ing to the modified |7-segment American Heart Assodiation classification (18). Regardless of
diameter size, all segments were included for comparison with CTCA. Segments were classi-
fied as normal (smocth parallel or tapering borders), nonsignificantly stenosed (wall irregularities
or <50% narrowed), or significantly stenosed (2509 narrowed). Stenoses were evaluated
in the worst view, and dassified as significant if the lumen diameter reduction was >50%
as measured by a validated quantitative coronary anglographic algorithm {CAAS, Pie Medical,
Maastricht, The Netherlands).

For each patient the total calcium score was measured, and expressed using the Agatston score
(17). Two experienced, blinded observers evaluated the CTCA data on an offline workstation
{Leonardo, Siemens, Forchheim, Germany). The axial source images, as well as multiplanar or
curved reformatted reconstructions and maximum intensity projections, were used to avalu-
ate the CT anglograms and assess the presence of significant segmental sternosis. Segments
were scored positive for significant CAD if there was =50% diameter reduction of the lumen
by visuzl assessment. Segments distal to an ocduded segment were excluded. Interobserver
disagreement was resolved by a third reader,

Descriptive statistics were performed for coronary segments, vessels, and patients. The diag-
nostic performance of CTCA for the detection of significant stenoses in the coronary arteries
with quantitative coronary angiography (QCA) as the standard of reference is presented as sen-
sitivity, specificity, positive and negative predictive values. Precision of the diagnastic parameters
is presented using a 5% confidence interval (Cl). Chi-square tests were performed to show
significant differences in diagnostic accuracy. Positive and negative likelihcod ratios are given.
The likelihood ratio incorporates both the sensitivity and specificity of a test and provides a di-
rect estimate of how much a test result will change the odds of having a disease. Post-test odds
can be calculated by multiplying the pretest odds (pretest probability/]| — pretest probability])
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by the positive likelihood ratio (sensttivity/[| — specificity]) and negative likelihood ratio (| —
sensitivity]/specificity). Post-test probability can be recalculated by using the following formula:
(post-test probability = post-test odds/[ 1 + post-test odds]).

A subanalysis was performed between the 2 genders, Categorical characteristics are expressed
as numbers and percentages, and compared between the 2 groups with the chi-square test,
Continuous variables are expressed as mean + 5D and compared with an unpaired 2-sided
Student’s t test when normally distributed. When not normally distributed, continuous variables
are expressed as medians (25th to 75th percentile range) and compared using the nonpara-
metric Mann-Whitney test. p-Values <0.05 were considered statistically significant.

An additicnal sensitivity analysis was done to investigate the effect of nesting, as repeated assess-
rments within the same patient were made that were not independent observations. Inter- and
intracbserver variabilities for the detection of significant coronary stenosis were determined by
K statistics.

RESULTS

The analysis comprised |23 women and 279 men (Table 1). On average women were older
(62 = 11 vs 58 = |1 years, p <0.01). Hypertension and diabetes were more frequent in
women, with no significant difference for body mass index. There were more active smokers
among men. Yomen had lower disease prevalence (519 vs 68%, p <0.01), which was de-
fined as having = | significant stenosis. The severity and extent of obstructive CAD was signifi-
cantly lower in women comparad with men (p <0.05), with fewer cases of multivessel disease
{24% vs 35%, p <0.05), and more noncbstructive lesions on CTCA (26% vs 17%, p <0.05).
There was a nonsignificant trend toward fewer absence of CAD on CTCA in women (23%
vs |5%, p = 0.06). Furthermore, the calcium score was lower in women (146 [0 to 373] vs
207 [18 10 530], p <0.05). During the CT scan, women had a significantly higher heart rate
than men: 61 == 7 vs 58 = 8 beats/min, p <0.001). Additicnal B blockers before CT scanning
were administered to 73% of women (90 of 123) and 70% of men {196 of 279} (p = NS),
decreasing the mean heart rate from 6% £ 1010 61 = 7 beats/min and from 69 + || 1o 58
+ 8 beats/min, respectively.

The estimated radiation exposure using prospective x-ray tube modulation for the calcium
score inwomen and men was 1.8 and |.4 mSv and the estimated radiation exposure for the
contrast-enhanced scan without prospective x-ray tube modulation was calculated as 17.0 and
134 mSv, which is in line with previous reports {19)

The diagnostic performance of CTCA for detecting significant stenoses on a patient-based anal-

ysis is detailed in Table 2. All women (63 of 63) and 999 of men (188 of 190) with significant
CAD on TTCA were correctly identified by computed tomography {Figure | and Figure 2).
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Table |. Patient Demographics {(n = 402)

Age (yrs) 62 & 1 58 = 11 <001
Calciumn score {Agatston score)t 146 (0-373) 207 (18-530) <0.05
Body mass index (kg/fm?) 267 £ 5.0 270+ 36 NS
Heart rate (beats/min} 6l +7 58+ 8 <0.001
Prevalence of obstructive coronary artery disease 63(519%) 190 (68%) <0.01
Atypical angina pectoris 47 (38%) 9% (359%) NS
Typical angina pectoris 48 (39%; 107 (38%)

Unstable angina pectoris [4{11%) 36 {13%)
Non-ST-segment elevation myocardial infarction 14 {1190} 37 (13%)
Mypertension® 78 (63%) 138 (49%) <0.05
Hypercholesterclemia® 75(61%) 16 (58%) NS
Diabetes mellitus® 23 (19%; 28 (10%) <0.05
Adtive smoker 30 (249%) 99 (359%) <0.05
Previous smoker 9 (7%) 20 (7%) NS
Body miass index =30 kg/m? 34 (28%) 64 (23%) NS

Previous myocardial infarction I5(12%) 27 (10%) NS

Absence of coronary disease 28 (239%) 42 (15%) <005
Naornsignificant disease 32(26%) 47 {17%)
Single-vessel disease 34 (28%) 91 {33%)
Multivessel disease 29 (24%) 99 (35%)
Mean = SO,

T Median and quartiles. Values are numbers (percent), unless otherwise indicated. Categorical variables were
tested with chi-square test. Continuous varizbles were tested with unpaired 2-sided Studert's t test. If not
normally distributed, continuous variables were compared with the Mann-Whitney test. p Values are signifi-
cant if <0.05.

¥ Blood pressure =[40/90 mm Hg or treatment for hypertension,
§ Total cholestercl >80 mg/dl or treatment for hyperchalesterclemia.
# Treatment with oral antidiabetic medication or insulin.
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Fiteen wormen (25%, |5 of 60) and 2 men (10%, 9 of 8%) with nonsignificant CAD were
incorrectly classified as having significant coronary stenoses by CT.

In women, specificity (75% vs 0%, p <0.05), positive predictive value (819% vs 95%, p
<0.001), and overall accuracy (88% vs 96%, p <0.01) were significantly icwer cornpared with
men (Table 2). Agreement between CTCA and QCA on a per-patient (no or any disease) level
for women and men was good ( value 0.75) and very good (k value 0.91).

Table 2. Overail Diagnostic Performance of 64-slice Computed Tomographic Coronary
Angiography.

T Women (123

| . Men(N279)
 Patient level =0 e

Sersitivity 100% (93-100) 63/63 99% (96 100) 188/190 NS

Specificity 75% (62-85)45/60 90% (81-95) 80/89 <0.05
Positive predictive value 819% (70-88) 63/78 95% (21-98) 188/197 <0.001
Negative predictive value 100% (53~100} 45/45 98% (91-100) 80/82 NS
Diagnostic accuracy 88% (82-94) 108/123 96% (94-98) 268/279 <001
+ Likelihood ratio 4.00 (2.58-6.20} G.78 (4.70~14.25) —

— Likelihood ratio

0.00 (0-/) 0.01 (0-0.05) - }

" Vessel level .

Sansttivity 94% (87-98) 93/99

97% (95-99) 307/315 NS

Specificity 87% (83~-90) 342/393 B4% (82-87) 676801 NS
Positive predictive value 65% (56-72} 93/144 7 1% (66~-75)307/432 NS
MNegative predictive value 98% (26-99) 342/348 39% (98-99) 676/684 NS
Diagnostic accuracy 88% (86-91) 435/492 889 (86-90) 983/1,1 16 NS
+ Likelincod ratio 7.24 (5.58-9.40) 6.25(5.31-7.34)

- Likefhood ratic 0.07 (0.03-0.15) 0.03 (0.02-0.08) —

Ségfng_nf_le_iél BRI e i L B
Sensitivity 82% (74881 111/136 939% (91-98) 400/428 <000
Specificity 949 (93-95) 1,551/ 648 92% (91-93)3,245/3,523 <0.05
Positive predictive value 53% (46-60) 1 11/208 599 (56-63) 400/674 NS
Negative predictive valus 98% (98-99) |,551/1,576 99% (99-99)3.249/3.277 <005
Diagnostic accuracy 939 (92-94) i 662/1,784 929 (92-93)3,523/3951 NS

+ Likelhood ratio 13.87 (11.25-17.09) 12.02(10.70-13.50) —

— Likelihood ratio 0.20(0.14-0.28) 0.07 (0.05-0.10) .

Diagnostic performance and predictive value with corresponding fikelihood ratios of 64-slice CTCA for the
detection of =50% stenosis on QCA In wornen and men. Chi-square test was used for categorical variables.
p Values were significant if values <(.05. Values in parentheses represent 95% Cls.
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Table 3. Diagnostic Performance of é4-slice Computed Tomography Coronary Angiegraphy
Depending en Segment Location.

e L e '3_-_'.{'w¢_'r_ﬁen'(N:I2_3)'." Sl EMen (NT9) o Value ™
Analysis of.p¥§ici§§ii! segments S e : R T
Sersitivity ' ' 96% (B4-99) 4446 989% (93-99) 130/133 NS
Specificity 92% (89-4) 41 | /446 919% (57-92) 89 1/983 NS
Positive predictive value 56% (44-67) 44/79 59% (52-65) 130/228 NS
MNegative predictive value 1009 (98-10C) 41 1//413 1009 (99-100) 891/8%4 NS
“Analysis of rriid'é'e'gmén_t's_ i ;':." S i S
Sensitivity ' 93% (81-98) 4346 96% (50-98) 133/139 NS
Specificity 91% (87-94) 285/3 14 88% (86-91) 575/650 NS
Positive predictive value 60% (47-7 ) 43/72 64% (57-7C) 133/208 NS
Negative predictive value 99% (97-100) 285/288 9% (98-100) 575/581 NS
Analysis of distal segments:. =TT e T
.Sensitivity . . 56% (3 Iw79).9/| 6 . 859% (74-93) 53/62 <0.05
Specificity 97% (94-98) 364/375% 9656 ($4-97) 754,786 NS
Positive predictive vaiug 43% (23-66) 92 629% (51-72) 53/85 NS
MNegative predictive value 98% (96-29) 364/37 99% (98-99) 754/763 NS
Arialysis af;’idE'b'r‘aHCheS L S R
Se.nsitivi.ty N ” . 54%. (34—72) IS/Zé - 89% (8[-;94) .84/94. <0.001
Specificity 96% (94-97)491/512  939%{92-95) 1029/2104  <0.05

Positive predictive value 42% (26-59) 15/36

979% (96-99) 491/504

53% (45-6 1) 59/54 NS

Negative predictive value 999% (98-100) 1029/1039 <0.05

Chi-square test was used for categorical variables. p Values were significant if values <0.05. Values in paren-
theses represent 95% Cls,

The diagnostic performance of CTCA for the detection of significant coronary stencsis on a
vessel-based analysis is detailed in Table 2. In women, 2 significantly diseased right coronary
arteries, | left anterior descending coronary artery, and 3 diseased circurnflex coronary arteries
were incorractly classified as nonsignificantly diseased. In men, significant coronary stenosis in 2
right coronary arteries, 2 left anterior descending coronary arterias, and 4 circurmflex coronary
arteries were missed. Significant left main disease was identified in all patients. Fifty-one and 125
nonobstructive vessels were overestimated in women and men and scored as false positives,
The diagnostic accuracy was equal in women and men. Agreement between CTCA and QCA
on a per-vesse] level was both good for women and men (k value 0.69, 0.74).

After exclusion of anatomically absent segments (833) and segments distal to an occlusion
(266}, 5,735 of 6,834 potentially available segments (with a maximum of 17 segments per
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patient) could be included for comparison with QCA. No segments were excluded for reasons
of calcification or pocr image quality. The overall sensitivity and spedificity of CTCA for the de-
tection of significantly stenosed corenary segments was 91% and 939, Sensitivity was lower in
women (82% vs 93%, p <0.001). Also, the spedificity (949% vs 2%, p <0.05) and negative
predictive valus (58% vs 99%, p <0.05) showed a small, but significant difference betweaen
men and wormen (Table 2).

The performance of CTCA was similar between men and women in the proximal and middie
segments (Table 3). However, in the distal segments (56% vs 85%, p <0.05) and side branch-
es, more lesions were not detectad in women (sensitivity 54% vs 8%%, p <0.001; negative
predictive value 57% vs 99%, p <0.05}. The specificity (96% vs 93%, p <0.05) was slightly
higher in women. Inter- and intracbserver vartabilities for detection of a significant stenasis per
segment Nad k values of 0.70 and 0.72, respectively. Agreement between CTCA and QCA on
a per-segment Jevel was good both for women and men (k value 0.61, 0.68). 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 artery disease resulted in a sensitivity
929% (44 of 48; 25% CI 79 to 97), spedificity 93% (331 of 356; 95% C! 90 to 95), positive
prediciive value 64% (44 of 69, 95% Cl 5| to 75}, negative predictive value 999% (331 of 335;
95% CI 97 to 100).

DISCUSSION

We demonstrated that the sensitivity of 64-slice CTCA to detect significant CAD was almost
equally high in wornen and men (1009% vs $9%) due to the very low occurrence of false-neg-
ative outcomes, Therefore, the diagnostic accuracy of 64-slice CTCA to rule out the presence
of significant obstructive CAD was equally high in women and men and a negative CT scan reli-
ably cbviates the need for further downstream evaluation with invasive coronary angiography.
The lower prevalence of CAD in women, with a trend toward more nonsignificant CAD (p =
0.06) likely contributed to the overestimation of coronary stencsis severity and thus resulted in
lower specificity (75% vs 20%).

The segment-based diagnostic accuracy of CTCA performed on a site-by-site analysis (segmen-
tal analysis} compared with QCA revealed a more complex outcame, The sensitivity to detect
a stenosis was lower in women than in men. The overdl reduced sensitivity was mainly caused
by the lower sensitivity of CTCA to detect coronary obstructions in distal coronary segments
and side branches. This may be partly explained by the combination of a milder stenosis severity
and smaller size of the coronary arterles in women than in men. However, this outcome does
not affect the refiability to rule out the presance 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 outcormes.

38



CHAPTER 3

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 fimitations of cardiac computed tomography include the use of radiation, poten-
tially nephrotoxic contrast media, and the need to use P blockers in patients with a fast heart
rate. The substantial radiation exposure of 64-slice CTCA for women (17 mSv) and men (13.4
mSv) compared with CCA (3 to & mSv) is of concern (19). In this study prospective ECG x-
ray tube modulation, which can significantly reduce radiation exposure, was not applied. This
technigue limits the possibility of reconstructing images in the end-systolic phase. In our study,
end-systolic datasets provided better image quality in 34% of patients. Furthermore, the use of
prospective ECG x-ray tube modulation requires a regular heart rhythm throughout the scan.
In case of an extra-systole, the use of prospective ECG x-ray tube modulation can miss-trigger
the x-ray puise, limiting the possibility to edit valuable reconstruction window datasets during
high-dose scanning.
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ABSTRACT

OBJECTIVES: We sought to evaluate the contribution of neninvasive dual-source comput-
ed tomography angiography (CTA) in the comprehensive assessment of symptornatic patients
after coronary artery bypass grafting (CABG).

BACKGROUND : Assessment of bypass grafts and distal runoffs by invasive coronary angiog-
raphy is cumbersome and often requires extra procadure time, contrast foad, and radiation
exposure.

METHODS: Dual-source CTA was performed in 52 (41 men, mean age 6.6 = 3.2 years)
symptomatic post-CABG patients scheduled for invasive coronary angiography. No oral or
intraverious beta blockers or sedation were administered before the scan. Mean interval be-
tween CABG surgery and CTA was 9.6 = 7.2 {range 0 to 20} years. Mean heart rate during
scanning was 64.5 = 3.2 (range 48 to 92) beats/min. Seventy-five percent of patients had
both arterial and venous grafts. Atotal of | 52 graft segments and 142 distal runoffs vessels were
analyzed. Native coronary segments were divided intc nongrafted (n = | 18) and grafted seg-
ments (n = 289). A significant stenosis was defined as = 50% lumen diameter reduction, and
quantitative coronary angiography served as reference standard.

RESULTS: The diagnostic accuracy of CTA for the detedtion or exdlusion of significant ste-
nosis in arterial and venous grafts on a segment-by-segment analysis was | 00%. Sensitivity,
specificity, positive predictive value, and negative predictive value to detect significant stenosis
were 95% (95% confidence interval [CI]: 73% to 100%), 100% (95% Ch 96% to 100%),
100% (95% ClL: 79% to 100%), 99% {95% CI: 5% to 100%) in distal runoffs respectively;
100% (55% Cl: 97% to 1009%), 96% (95% ClI: 90% to 98%), 97% (95% Cl: 93% to 99%),
100% (9596 CI: 95% to 1009%) in grafted native coronary arteries respectively; and 97% (95%
Cl; 83% to 1009%), 929 (95% Cl: 83% to 9696}, 83% (95% Cl: 67% to 92%), 99% (95%
Cl: 92% 1o 100%6) in nongrafted native coronary arteries, respectively.

CONCLUSIONS: Noninvasive CTA Is successful for evaluating bypass grafts in symptomatic

post-CABG patients, whereas invasive coronary angiography is still required for the assessment
of significant stenosis in distaf runcffs and natfve coronary arteries.
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CHAPTER 4

INTRODUCTION

Recurrent symptoms after surgical revascularization may be caused by progression of disease,
either in the native coronary arteries or in the venous or, more rarely, arterial grafts (1). There-
fore, comprehensive assessment of symptomatic patients after surgical revascularization should
include arterial and vencus bypass grafts, distal runoffs, and native coronary arteries. Invasive
coronary angiography (ICA) is often rather cumbersome, and the engagement and visualization
of venous and arterial bypass grafts frequently prolongs procedure time and is associated with
larger contrast use and increased radiation exposure,

Neninvasive computed tomography angiography (CTA) may be useful for reducing the addi-
tional invasive procedure time and contrast load if it were proven to be reliable for evaluating
bypass grafts and distal runoffs before ICA. Studies using 64-slice computed tomography (CT)
scanners reported specificity values of 869 (2) and 7696 (3), whereas up to 9% of nongrafted
segments and distal runoffs were unevaluable because of presence of severe coronary calcifica-
tions, residual coronary motion, or metal clip artefacts, Newer generation CT scanners may
improve CT reliability. The dual-source é4-slice CT scanner is equipped with 2 tube-detector
systerns rotating simultaneously, resufting in an improved temporal resolution of 83 ms (4).
Comparative studies demonstrated a high diagnostic performance of dual-source CT coronary
angiography to detect significant obstructive coronary artery disease in patients without previ-
ous bypass surgery (4-6).

We hypothesized that dual-source CTA allows more accurate detection or exclusion of signifi-
cant stenoses, in particular, at the graft anastomasis site and smaller distal runoffs. We sougnt to
avaluate whether CTA is complementary to ICA for the evaluation of patients after coronary
artery bypass grafting (CABG).

METHODS

STUDY POPULATION

We studied 58 consecutive symptomatic patients after surgical revascularization that fulfilled the
foliowing criteria: sinus heart rhythm, able to breathhold for |5 seconds, and no previous core-
nary intervention. All patients were scheduled for ICA which was performed within 4 weeks
after CTA. Six patients were excluded due to known allergy to lodinated contrast material
{n=1), impaired renal function {serum creatinine> |20 umol/) (n=2), atrial fibrillation (n=2)
and logistic inability to perforrn a CT scan (n= ) before ICA. Thus, a total of 52 patients (41
male, mean age 66.6 & 3.2 years) were included in the study. Our institutional review board
approved the study and all patients gave informed consent.
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PATIENT PREPARATION
No oral or intravenous beta-blockers or sedation were administered prior to the scan. All pa-
tients received Nitroglycerin (0.4 mg/dose} sublingually just before scanning.

CT Scan PrRoToOCOL

All patients were scanned using a duak-source CT scanner {Somatom Definitton, Siernens
Healthcare, Forchheim, 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°(4). CT angi-
ography 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- fiy-
ing focal spot) (7), rotation time 330 ms, tube voltage 120 kY. The pitch varied between 0.2
for low heart (<40 beats/minute} rates and 0.53 for high heart rates (> 100 beats/minute),
with individually adapted pitch values for heart rates >40 and < 100 beats/minute. Automatic
tube current modulation {ref mAs/rotation 280) in x, v, z-direction (Care Dose 4D%, Siemens
Heatthcare, Forchheim, Germany) and adaptive ECG pulsing {full tube current during 30-65%
of the R-R-interval, reduced tube current: 20% of maximum) was applied in all patients. The
scan range was extended to the level of the subclavian arteries in patients with internal mam-
mary artery grafts.

A bolus of ledinated contrast material (Ultravist® 370, Schering AG, Germany), which varied
between 80-100 ml depending on the expected scan time, was injectad in an antecubital vein
followed by a safine chaser (40 ml; flow rate: 4.0-5.0 ml/s). The flow rate (4.0-5.0 mi/s) was
adjusted to the scan range (presence of LIMA) and the expected scan time (pitch dependent}.
A bolus tracking technique was applied to synchronize the data acquisition with the arrival of
contrast in the bypass grafts and native coronary arteries.

CT IMAGE RECONSTRUCTION AND EVALUATION

All CT datasets were reconstructed using a single-segment algorithm: slice thickness 0.75 mm;
increment G.4 mm; medium-te-smooth cenvolution kernel (B26f) and sharp kernel (B46f)
resulting in z spatial resclution of 0.6-0.7 mm in-plane and 0.5 mm through-plane (8). Images
were reconstructed following a stepwise approach depending on patient’s heart rate during
scanning as previously described (5).

Two experienced radiologists, blinded to ICA findings, independently scored all CT datasets.
In case of a jump graft (two or more anastomoses per arterfal or venous graft), the graft was
divided into graft segments. All graft segments between the proximal anastomoses and each
coronary insertion were evaluated. Distal run-offs and native coronary arteries were evaluated
on a per segment level according to the 17-segment modified American Heart Association
{AHA) dlassification (9). The CT image evaluation of distal run-offs and native coronary arter-
ies is llustrated in Figure [.The distal run-off segments included the segment at which the graft
was inserted and all segments located distally to the inserted segment. Native segments were
divided into nongrafted and grafted segments. The grafted segments included all segrments
located proximal to segment at which the graft was inserted.
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EFFECTIVE DOSE

The effective dose (E) for CTA in each patient was estimated by the following equation as pro-

posed by the European Working Group for Guidelfines on Quality Criteria in CT:

E=FEDLP+ DLP

DLP; dose-length product (cm), EDLP = 0.017 mSv * mGy-| * am-|

STATISTICAL ANALYSIS
Continuous variables are expressed
as means (standard deviation) and cat-
egorical characteristics are expressed
as numbers and percentages. The di-
agnostic performance of CTA for the
detection of significant stenosis as de-
fined by QCA s presented as sensitiv-
ity, specificity, and negative and positive
predictive values with the correspond-
ing 95% confidence intervals (Cls), and
positive and negative likelhood ratios
{LRs} were calculated. Comparison be-
tween CTA and QCA was performed
on 2 levels: patient-by-patient and
segment-by-segment  analysis.  Inter-
observer variability for the detection of
significant stenosis was determined by
K-statistics,

RESULTS

Patient and scan demographics are
summarized in Table 1. The mean BMI
was 27.2 * 5.8 (range 22.0 - 34.5).
Forty-seven (90%, 47/52) patients
used long-term  beta-blockers. The
mean interval between CABG surgery
and CTA was 9.6 = 7.2 {range 0-20}
vears, The mean Interval between
CTAand ICA was | 1.5 = 143 (range
G-14.4) days. Mean scan time was 15.2
+ 4.3 {range 9.2-22.9) seconds. Mean
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Table i. Patient and Scan Demographics (n=52).

Male, n (%)
Age, years
Body mass mdex kg/mz
: H|5tory
Famiily history of CAD, n (%)
Nicotine abuse, n (%)
Hypertension, n (%)
Dislipidaemia, n (%)
Diabetes, n (%)
Previous myocardial irfarction, n (56)

Long-term beta-blockers, n (%)

4t (79)
86,6 + 13.2

272158

21 (40)
10(19)
1631
31 (60)
19 (37)
22(42)
47 (90)

- Graft anatomy per patient.. .7

Single graft, n (%)

TFvo grafts, n (%)

Three grafts, n (%)

More than three grafts, n (95}
Wenous and arterial grafts, n (36)

Venous grafts, no arterial grafts, n (56)

Arterial grafts, no venous grafts n (%)

‘et exammatson
Heart rate during scanning, beats/min
Scan time, sec
Pitch
Scan fength, cm
Contrast volume, ml
DLE mGy cm

Effective dose, mSv

@
31 50)
S(17)
()
39(75)
6(12)
7(14)

645 = [3.2
152 %43
0.26 = 0.07
2.0+ 58
926 = 17.3
| 726 + 598
22128
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CHAPTER 4

DISCUSSION

The diagnostic work-up of patients with recurrent angina after CABG remains challenging and
should include complete assessment of bypass grafts and native coronary arteries.

Non-invasive 64-slice CTA dernonstrated a very high diagnestic performance for the detection
of obstructive graft disease with sensitivities of |00% for occluded grafts and sensitivities rang-
ing from 80% to 100% for the detection of significart stencsis (2,3,10-15). Only few data are
availabie reporting on the diagnostic performance of CTA for the detection of significant stencsis
in the natives. Two studies {2,3) reported a sensitivity of 86% and 89% for the detection of sig-
nificant stenoses in distal run-offs, and 869 and 97% in nongrafted arteries, respectively, Speci-
ficity was 90% and 93% in distal run-offs, and 76% and 86% in nongrafted coronary arteries,
respectively. Importaritly, 9% to 25% of native segments were unevaluable and overestimation
of stenasis frequently occurred.

The 64-slice dual-source CT scanner allows acquisition of images during z shorter time window
(83 ms) of the heart cycle resulting in images with less residual coronary motion and more
precise delineation of stencses (8), in particular at the graft distal anastomosis site and smaller
distal runoffs. In addition, fast scanning of the whole thorax can be performed in short manage-
able breath holds (10-15 sy which is, in particular, important in the assessmerit of arterial grafts.

In our study, we sought to evaluate whether dual-source CTA would permit successful reliable
noninvasive evaluarion of bypass grafts and distal runeffs to obviate the need for invasive angio-
graphic verification. For this evaluation we performed a segment-by-segment analysis, rather
than a per patient analysis, to provide anatomic information about bypass grafts, distal run-offs
and native coronary segmenits, In our evaluation, we included all graft or native coronary seg-
ments in the analysis and did not exclude any segrment due to motion artifacts or calcifications.

We found a 100% sensitivity on a per segment level for the detection of significant obstructive
graft disease and a 95% sensitivity for the detection of significant lesions in distal run-offs. Im-
portantly, the majority of distal anastomosis sites and smaller distal run-offs demonstrated good
image quality and could be assessed with high confidence. Furthermore it is noteworthy that on
a per patient analysis, all significant cbstructive graft disease was correctly identified and ne false
positives were encountered.

According to the ACCF Appropriate Criteria routine use of 64-slice CT coronary angiography
in post-CABG patients has been dlassified as an inappropriate/uncertain indication { | 6) or a class
[lb indication, leve! of evidence C (17). QOur results indicate that successful refiable nonirvasive
evaluation of grafts with CTA may obviate the need for invasive angjographic verffication and CT
angiography can be used for the assessment of graft patency only. If these resuits are verified
in larger, multicenter studies, CTA evaluation of bypass grafts patency may be classified as an
appropriate/certain indication, CTA may facilitate planning of subsequent percutancus revas-
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cularization by providing accurate anatomical site of graft origin saving considerable procedure
time, contrast load and radiation exposure. However, these hypotheses are purely conjectural
and require clinical testing. Moreover, ICA is still required to confirm or refute CT evaluation of
obstructive disease In distal runoffs and native coronary arteries.

The use of retrospective ECG gating or ‘spiral’ CT scan mode resulted in a relative high effec-
tive dose (22,1 m5v) as compared to diagnostic ICA (8.8 mSv) which is usually higher in the
angiographic evaluation of vencus and arterial bypass grafts (14). Cur rather high patient dose
was due to the fact that we began our study with a dual-source prototype scanner, At that time
we used a rather wide ECG pulsing window to be able to select optimal motion-free image
reconstruction phases. Nowadays patient dose can be significantly reduced by the selection of
short windows and the introduction of the possibility to select a very low tube current (4% of
maximum tube current; Mindose ¥, Siemens Healthcare, Forchheim, Germany) outside the
ECG pulsing window, which can reduce effective dose up to 4% (18) {(1%). Recertly, 1t has
been shown that prospective ECG triggering or ‘step-and-shoot’ CT scan mode can signifi-
cantly reduce radiation exposure, with reported dese values 1.0-3.0 mSv in patients without
previous CABG, but requires a very regular heart rhythm (20) (21).

To put dose concern into perspective, It is important to note that patients after CABG are gen-
erally older (= 60 years) and that this is associated with a lower although not negligibie life-time
attributable risk of cancer incidence or mortality (22},

CONCLUSIONS

We demonstrated that noninvasive dual-source CTA has a very high diagnostic performance to
detect or exclude significant stenasis in bypass grafts.

T angiography should not be considered as a substitute, but rather as complemenitary o [CA
in the diagnostic work-up of symptomatic post CABG patients while 1CA is still required to
confirm or refute CT evaluation of obstructive native coronary artery disease.
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ABSTRACT

0BJECTIVE : To evaluate the performance of dual source CT coronary angiography (DSCT-
CA) in the detection of in-stent restenosis (=50% luminal narrowing) in symptomatic patients
referred for conventional angiography (CA).

DESIGN/PATIENTS: |00 patients (78 males, age 62 (SD 10)) with chest pain were pro-
spectively evaluated after coronary sterting. DSCT-CA was performed before CA,

SETTING: Many patients undergo coronary artery stenting; availability of a non-invasive mo-
dality to detect in-stent restenosis would be desirable.

RESULTS : Average heart rate (HR) was 67 (SD 12) {range 46—106) bpm. There were |78
stented lesions. The interval between stenting and inclusion in the study was 35 (SD 4 1) (range
3-140) months. 3%/10C (399%) patients had anglographically proven restenosis. Sensitivity,
specificity, positive predictive value (PPV) and negative predictive value (NPY} of DSCT-CA,
calculated in all stents, were 949, 92%, 77% and 98%, respectively. Diagnostic performance
at HR <70 bpm (n=69; mean 58 bpm} was similar to that at HR 270 bpm (n=31; mean 78
bopm); diagnostic performance in single stents {n=95) was similar o that in overlapping stents
and bifurcations (n=83). In stents 23.5 mm {n=78), sensitivity, spacificity, PPV, NPV were
100%: in 3 mm stents (n=>59), sensttivity and NPV were 100%, spedificity 97%, PPV 21%;
in stents <2.75 mm (n-4 1}, sensitivity was 8496, specificity 64%, PPV 52%, NPV 9095, Nine
stents <2.75 mm were Uninterpretable. Specificity of DSCT-CA in stents 23,5 mm was signifi-
cantly higher than in stents <2.75 mm (OR=6.14); 99%CE | 5210 9.79).

CONCLUSION: DSCT-CA performs well in the detection of in-stent restenosis. Although

DSCT-CA leads to frequent false positive findings in smaller stents (£2.75 mm), it reliably ruies
out in-stent restenosis irrespective of stent size.
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INTRODUCTION

Computed temography angiography is a non-invasive diagnostic tool to visualise coronary ar-
teries (1). The evaluation of stents is, however, hampered by the occurrence of high-density
artifacts ("blooming effect”} caused by the stent struts. These artffacts cause ar apparent en-
largement of the stent and preclude appropriate assessment of the in-stenit lumen.

In particular, the lumens of small stents, overlapping sterits and bifurcation stents are difficult to
assess (2), Motion artifacts may further hinder the evaluation of stents (3). Several investigations
have evaluated the diagnostic performance of computed tomography in assessing stent patency
corthe presence of in-stent restenosis (4- 16} these studies have included patients with low heart
rates and pre-scan preparation with p-blockers,

The introduction of dual source 64-slice computed tomography scanners, with an improved
tempeoral resoiution (17) may be helpful to more accurately assess coronary stents.

In this study we evaluated the diagnostic performance of dual source computed tomography
corcnary angiography {DSCT-CA) for the detection of in-stent restenosis in patients with angi-
nal symptoms after stent implantation.

METHODS

POPULATION

From April 2006 to January 2007, 133 patients with chest pain and prior stent implantation
were considered for inclusion in this prospective study. All patients were scheduled for diag-
nostic conventional angiography. Serum creatinine > 120 mold, irregular heart rhythm and
known allergy to iodinated contrast agents were exclusion criteria. The recruitment procedure
is described in Fig |, The institutional review board approved the study protocol and all the
included patients gave informed consent.

DSCT-CA pROTOCOL

All patients were examined with 2 dual source CT scanner (Somatorn Definition, Siemens,
Forchheim, Germany). The scanner design consists of two x-ray tubes and two detector ar-
rays mounted at an angle of 90°, Scan parameters were: 120 ¥, 330 ms gantry rotation time,
2%320.6 mm collimation with z-flying focal spot for both detectors. Using this scan pratecol,
spatial resolution was 0.4 0.4 0.4 mm (3 | 7). Pitch values were automatically adapted to the
heart rate after an estimation based on the last 10 heartbeats preceding the scan, and varied
between 0,20 and 0.43. Current x-ray tube modulation was used at full current for 25-70%
of the R-Rinterval. Fach tube pravided a maximum of 412 mAs/rotation. In patients with heart
rates <70 bpm, x-ray exposure was (mean (5D)) 15.0 (4. 1) mSv in men and 16.7 (5.0) m3vin
wornen; in patients with heart rates =70 bpm, x-ray exposure was 12,1 {Z.6) mSv in men and
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[3.7 (4.7} in women (values calculated using ImPACT®, version 0.99x, St George's Hospital,
Tooting, London, UK).

All patients received sublingual nitroglycerin just before scanning. Contrast agent (lomeron®
400 mg/ml, Bracco, ttaly) was injected into the antecubital vein at a flow rate of 5.0 miss, fol-
lowed by a saline chaser (40 ml). We calculated the contrast volume with the following equa-
tion: estimated scan time + scan delay (7 s). The contrast volume varied between 60 and 100
mil depending on the scan time, which in turn varied between 5 and |3 seconds, We used a
bolus-tracking technique to synchronize the start of the scan with the arrival of contrast agent
in the coronary arteries. A dircular region-of-interest (RO} was positioned in the ascending
acrta and the scan was automatically started when a threshold of + 100 Hounsfield Units was
reached inside the RO

IMAGE RECONSTRUCTION

Given the scanner geometry, a monosegmental aigorithm using data from a single heartbeat
obtained during a quarter gantry rotation was used for reconstruction. This translated into a
temperal resolution equal to one-fourth of the gantry rotation time, that is, 330/4= 83 ms.

First, 0.75 mm-thick images were retrospeciively reconstructed during the mid-diastolic to
end-diastolic phase. The position of the reconstruction window within the R-R interval varied
according to the heart rate (from —400 ms before the R wave for low heart rates to — 75
ms for high heart rates). Additional data sets were reconstructed during the end-systolic phase
(from +400 ms after the R wave for low heart rates to +200 ms for high heart rates). The
reconstruction increment was 0.4 mm. The data set with the fewest motion artifacts was cho-

sen for analysis and reconstructed using a dedicated sharp convolution kernel (B46f, “Heart
View").

QUANTITATIVE CORONARY ANGIOGRAPHY (QCA)

A single observer unaware of the CT results examined the angiograms before contrast injection
to identify the sites of stent implantation. The stents were then located within the coronary tree
following a | 7-segment modified AHA model, as previously described (18 19). Stents and stent
edges, the iatter defined as 5 mm-long coronary segments proximal and distal to the stents,
were evaluated on multiple projections; luminal narrowing =509% was classified as significant
(restencsis). Validated quantitative coronary angiography software (CAAS 112, Ple Medical,
Maastricht, The Netherlands) was used tc determine the minimal lumen diameter and derive
the per cent diameter stenosis by means of the user-indepandent method of the interpolated
reference diameter, using the angiographic catheter diameter as reference for calibraticn (20).

DSCT-CA ANALYSIS

Two experienced readers evaluated the DSCT-CA studies independently; the readers were
unaware of the findings of conventional angiography. In the event of diverging opinicns, a con-
sensus was reached and used in the final analysis.
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Using axial images, multiplanar reconstructions (MPR) and curved MPR, the stents were visually
screened for the presence of in-stent restenosis (250% lumen diameter reduction). When
multiple stents were implanted contiguously to treat one lesion, they were considered as one
single lesion. The assessment of restenosis was based exclusively on the visualization of the
in-stent lumen. The presence of distal run-off was not considered as an indicator of patency
because retrograde or collateral filling in an occluded stent can also give distal contrast enhance-
ment (Fig 2). Al stent edges, defined as 5 mm-long coronary segments proximal and distal to
the stents, were also included in the evaluation. In the event of bifurcation stenting, each of the
three branches was evaluated. When the stent lumen was uninterpretable (e.g. obscured by
high-density artifacts), and in-stent restenosis could not be excluded by DSCT-CA, stents were
considered to have restenosis (worst case scenaric) (6 7 for the purpose of the analysis.

STATISTICS

The statistical analysis was performed with SPSS, version 12,1 (SPSS inc., Chicago, llingis,
USA). Results are reported in accordance with the STARD criteria 21, Continuous varables
are expressed as mean (standard deviation). Categorical variables are presented as counts and
percentages.

Sensitivity, spedificity, positive prediciive value (PPY), and negative predictive value (NPV) of
DSCT-CAfor the detection of =509 in-stent restenosis, as determined by QCA as reference
standard, were computed in two subgroups defined as low heart rate and high heart rate; the
definition of the two groups was based on a cut-off heart rate of 70 bpm as previously described
by Leber et al. (22) and Mollet et al. {1 9). The low heart rate subgroup comprised patients
with heart rates <70 bpm, the high heart rate subgroup comprised patients with heart rates
270 bpm.

Sensitivity, specificity, PPV and NPV were then computed in two subgroups defined as simple
conflguration and complex configuration: the simple configuration subgroup comprised lesions
treated with the deployment of one single stent; the complex configuration subgroup comprised
overlapping stents and bifurcation stenting.

We also computed sensitivity, specificity, PPY and NPV in three subgroups defined by stent
diarneters, that is, =3.5 mm, 3 mm and =2.75 mm. When muitiple stents were employed to
treat one lesion, the diameter of the proximal stent determined the diameter subgroup. This
criterion for subclassifying lesions with multiple stents was based on the expectation that small
stents were more dificult to evaluate than large stents; we preferred to underestimate the
diagnostic performance in the larger stent subgroups rather than overestimating the diagnestic
performance in the smaller stent subgroup.

Sensttivity, specificity, PPV and NPV were also computed separately for the right coronary artery
(RCA), left main (LM} stem, left anterior descending (LAD) and left circumflex (LCx) arteries.
Because the accuracy of DSCT-CA o detect occluded stents might be greater than the ac-
curacy to detect restencsis, we performed separate analyses after excluding totally occluded
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segments. Diagnostic test resulls are presented with corresponding 95% confidence intervals
based on binomial probabilities. The #* test was used to compare the frequency of occurrence
of restenosis In the different subgroups. The Mann—-Whitnay U test was used to compare the
mean stent diameters in the heart rate subgroups and in the conflguration subgroups.

We determined the effect of heart rate, stent configuration and stent diameter on sensitivity,
specificity, PPV, and NPV using logistic regression analysis including patient identification to correct
for possible correlation within the individuals who had multiple stents (23). To compensate for
multiple testing, we used a significance level of 0.01 and computed 99% confidence intervals (C1).

Interobserver and intracbserver agreement for the detection of re-stencsis were determined
by k-statistics.

RESULTS

BASELINE CHARACTERISTICS AND ANGIOGRAPHIC FINDINGS
Of the 133 patients screened for inclusion in our study, 33 were exduded because of serum
creatinine level > 120 tmold (n=4), known contrast allergy (n=3), irregular heart rate (n=56)
and refusal to undergo DSCT-CA (n=20), so that |00 patients underwent DSCT-CA (Fig 1.

DSCT-CA and conventional angiography were performed 35 (SD 41) months after stenting
{range 3-140 months). Seventy patients were on treatment with B-blockers; none of the pa-
tierts received additional B-blockers before the scan.

The average heart rate during the scan was 67 (SD 12} (range 42-106) bpm. Sixty-nine patients
had heart rates <70 bpm and were included in the low heart rate subgroup (the average heart
rate in this subgroup was 58 (SD 6) (range 42-69) bpm); 31 patients had heart rates =70 bpm
and were included in the high heart rote subgroup (the average heart rate in this subgroup was
78 (SD 9} (range 70-106) bpm).

We examined |78 stented lesions (247 stents used, 1.4 (5D G.8) stents per lesion); 25 lesicns
consisted of single stents (simple configuration subgroup); the remaining 83 lesions consisted of
overlapping stents (n=62) and bifurcations (n=21) {complex configuration subgroup). All but
one complex lesion consisted of stents of the same type. One complex lesion was a stent-in-
stent implantation consisting of two partially overlapped BX Velocity stents plus three Taxus
stents implanted | year later (Fig 2); this lesion was classified as a bare metal stent (BMS) lesion.
BMS accounted for 379% (65/178) of the stented lesions, drug-eluting stents {DES) accounted
for 63% (| 13/178) of the stented lesions. Restenosis was diagnesed angicgraphically in 39/178
(22%) stented lesions in 3%/100 (399%) patierts. Restenosis was found in 27/65 (42%) BMS
and in 12/113 {1196} DES. Table | summarizes patient baseline characteristics, main angio-
graphic findings and stent types.
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Figure |. inclusion procedure for the study (from April 2006 to January 2007).

Patients with chest pain after stent implantation referred for conventional
angigraphy: n=133

- Was patient's serum creatinine >120 umol /17

Yasin=4

I

Did the patient have contrast allergy?

Yes:n=3

i

Did the patient have irregular heartrate/atrial fibrillation?

Yes: n=6

Neo: n=120

I

Did the pafient give informed consent?

( Patients included for DSCT-CA: n=100 )

The frequency of in-stent restenosis was 23% (29/124) in the low heart rate subgroup and
19% {10/54) in the high heart rate subgroup. In the simiple and complex configuration subgroups,
frequencies were |8% (17/95) and 26% (22/83), respectively. In the =3.5 mm, 3 mm and
=2.75 mm subgroups, frequencies of restenosis were 9% (|15/78), 209% (12/59) and 31%
{13741}, respectively. All p values were not significant {p >0.05),

The mean stent diameter in the entire sample was 3.15 (SD 0.58). The mean stent diameters
in the simpfe and complex configuration subgroups were 3. 16 (SO 0.60) mmand 3,15 (5D 0.61)
mm, respectively. The mean stert diameters in the fow and high heart rate subgroups were

347 (5D 0.61) mm and 3.15 (5D 0.66) mm, respectively. All p values were not significant (p
>0.05).
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Figure 2. Distal run-off
as a criterion of patency.
The presence of distal run-off
is not always associated with
stent patency. (&) A DSCT-CA
curved multiplanar reconstruc-
tion shows a stented lesion
consisting of two BX Velocty
stents plus three Taxus stents
{stent-in-stent) in the left ante-
rior descending artery (LAD).
In spite of the presence of distat
run-off (asterisk), in-stent total
occlusion is seen. (C-D) Stent
cross-sections obtamned as in-
dicated in (A) {magnification of
{A)) show the appearances of a
patent stent (C} and of a totally
occuded stent {O) respec
tively, (B} The correspording
conventional angiogram dem-
onstrates that, distally to the
stents  {(empty  arrowheads),
the LAD (asterisk) is fed by col-
fateral flow (solid arrowheads).
Direct visualization of the stert
lumen is therefore mandatory
to rule out in-stent restenosis
with  DSCT-CADSCT-CA,
dual source coronary comput-
ed tamography angiography.

DIAGNOSTIC PERFORMANCE oOF DSCT-CA

All 178 stented lesions were detected by DSCT-CA. The stent lumen was judged interpretable
in 169/178 {95%) stents. In the remaining nine stents (5%), all of which were <2.75 mm in
diameter, the lumen was uninterpretable due to high-density artifacts obscuring the in-stent lu-
men; these stents were scored as having in-stent restenosis. However, these nine srmall stents
were angiographically normal (no in-stent restenosis, DSCT-CA false positives).

Sensitivity, spedificity, PPV and NPY in detecting =50% restenosis, calculated on all stents,
were 949%, 92%, 77% and 98%, respedctively. The diagnostic performance of DSCT-CA at
heart rates <70 bpm did not differ significantly from that obtained at heart rates =70 bpm, as
witnessed by widely overlapping confidence intervals. The diagnostic performances obtained
in simple stents and overlapping stents/bifurcations were also similar, Likewise, no significant
differences were seen between the four major coronary vessels, Table 2 gives sensitivity, speci-
ficity, PPV and NPV obtained in the heart rate subgroups, in simple and complex configuration
subgroups and in the four major coronary vesseis.
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Table |. Baseline Characteristics, Angiographic Findings and Stent Types

Patient riumber. <

Age (years) (mean (SD))
Meriworen :
Cartliovascular Fisk factors (number)

Smoking

Hypertension (= 1 60/%5 mm Hg or ongoing treatment)
Serum cholesterol =200 mg/d! (5. 18 mmoli)

Digbstes melfitus

Total rurmber of stenfs Lsed and types -

Bare metal stents
Frequency of individial dlameters and types {(number (%6))7 "+ :

225

25

275

3.0

35

4.0

4.5

5.0

Taxus

Cypher

BX Velocity

R Evolution

NIR

Multitink

Falmaz-Schaz

Nurnber of lesions and stent types (number (%))

Drug eiutrngstem's

Bare metaf stents
Vessel implanted: nimber (36) S

LM stem

LAD

LCx

Patients diagnosed with 2 50% restenosis {number)
Lesions with 2 50% restenosis (number (%))
Restenosis

Stent types withy restenosis (number (36))

Bare metal stents

Obesity (Body N ass index >30 kg/’mzj

Family history

Drug-efuting stents

Other BAAS*

Total occlusion

Drug-eluting stents

-.:|OO-_ I

24T
157
30

21247 (9%)

317247 (13%)
17/247 (7%
82/247 (33%)
637247 (25%)
20/247 (8%)
B/247 (3%)
5247 (29%)
V367247 (559%)
21247 (8%)
32/247 {1 4%)
21/247 (8%)
7/247 (3%)
41247 (1 5%)
41247 (1.5%)
227247 (5%)
TS L
113 (63%)
65 (37%)
50 (349%)
It (6%)
58 (329)
49 (289%)
39
39/178 (22%)
22/39 (56%)
17/39 (4495

127113 (11%)

27/65 (429)

*Type not avaifable (implanted before 2003).

TOne stent-in-stent implantation consisting of two BX Velocity plus three Taxus stents was classified as BMS;

all other complex|esions consisted of stents of the same type.
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CHAPTER 35

In the diameter-based subanalysis, we found that NPV was in the range 90-100% in all sub-
groups. Sensitivity was 1009 in 2 3.5 mm stents and in 3 mm stents, but it dropped 1© 84% in
=2.75 mm sterts. Spacificity and PPV were both 100% in the 3.5 mm subgroup; the values
for specificity and PPV were 97% and 919%, respectively, in the 3 mm subgroup, and 64% and
529, respectively, in the <2.75 mm subgroup. Table 2 gives the diagnostic performance of
DSCT-CA in detecting =50% luminal narrowing in the different diameter subgroups.

In the Icgistic regression analysis predicting specificity, a stent diameter of =3.5 mm had an odds
ratio of 6,14 (99%Cl 1.52 to 2.79). In predicting the PPV, a stent diameter of 23.5 mm had an
odds ratio of 3.70 (99%CI 0.98 to 8.90). All other variables were not significant.

The interobserver agreement in detecting restenosis was good (k-value = 0.78). The intrach-
server agreement was very good (k-value = 0.87).

DISCUSSION

Cardiac catheterisation is the technique of cholce for the detection of in-stent restenosis. How-
ever, it may involve life-threatening complications and is relatively expensive. The diagnostic
accuracy of non-invasive technigues such as exerdse testing is known to be suboptimal (24}
therefore an alternative non-invasive “gatekeeper” 1o invasive coronary angiography would be
desirable. The reliability of such a technigue would have to be demonstrated in various clinical
situations (ie, various stent sizes and configurations, higher heart rates) before it could be rou-
tinely used In patients with prior coronary artery stenting.

FEASIBILITY OoF DSCT-CA AT HIGH HEART RATES

This study showed that DSCT-CA was accurate in detecting in-stent restenosis without the use
of pre-scan B-blockers. Athough the rate of false positives was slightly higher at high heart rates
(PPV=69%) than at low heart rates (PPV=80%), the number of false negatives was low in
bath subgroups (INPV in the range 97-98%;. In addition, the capability to perform DSCT-CA
at higher heart rates without the use of B-blockers may be advantageous in terms of reducing
radiation exposure. Table spesd increases with increasing heart rates in DSCT-CA, which in
turn translates into sherter scar times and reduced radiation exposure.

STENT CONFIGURATIONS

To the best of our knowledge, the population evaluated in the present study is the largest avail-
able in the literature on coronary CT angiography including overlapping and bifurcation stent-
ing (n=83). Although the differences were not statistically significant, we found that specificity
and PPV of DSCT-CA in bifurcation stenting and overlapping stents were slightly lower than
those obtained in single stents, probably due to the large amount of metal at the ostium of side
branches and at overlapping sites. This excess of metal is 2 major source of high-density artifacts
in CT and may lead to lesion overestimation (Fig 3).
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Figure 3. Bifurcations. Pa-
tient with in-stent restenosis
& manths after crush-stenting.
(A) Avolume-rendered DSCT-
CA image shows bifurcation
stenting of the left anterior
descending artery {LAD) and
second diagonal branch. The
stent in the diagonal branch
{side branch) has a diameter of
225 mm; the stent in the LAD
{main branch) has a diameter
of 4 mm. (B} MPR image, (C)
MPR cross-section obtained at
the level of the carina, and (D)
corresponding  conventional
angicgram demanstrate reste-
nesis in the diagonal branch
(arrowhead); the main branch
is patent, In (B), note the typi-
cal CT appearance of the crush
technique, characterised by
three layers of metal crushed
against the ostium of the side
branch. MPR, multiplanar re-
construction.

[t may be argued that restenosis occurs more frequently in patients with complex lesion char-
acteristics than in patients with simple lesions {25). This might have led tc an overestimation
of sensitivity in our complex configuration subgroup., However, the difference between the fre-
quency of restenosis in our simple and complex configuration subgroups was not statistically
significant.

STENT DIAMETERS

We found that stent diameter was the most importart feature influencing the diagnostic perfor-
mance of cororary CT angiography. This is in keeping with the findings of Gilard et o, (8) and
of Rixe et al., (13} who performed | 6-slice CT coronary angiography and é4-slice CT coronary
anglography, respectively, in patients with low heart rates. In those studies, however, up to
509 of the stenits were judged unevaluable. With DSCT-CA, we judged unevaluable only 5%
{n=9) of the stents, and found a low rate of false negatives irrespective of stent diameter {NPV
in all stents = 98%) NPV in stents =2.75 mm = 30%. When stent diameter was £2.75 mm,
DSCT-CA had a high rate of false positives (specificity = 64%; PPV = 529%) and could not
pradict with certainty the presence of restenosis; in particular, the specificity of DSCT-CA in this
subgroup was significantly lower than that obtained in stents =3.5 mm (OR= 6.14; 99%CHh
1.52 to 9.79). Therefore our study confirms that DSCT-CA is not a suitable gatekeeper to
conventional angiography in symptomatic patients with £2.75 mm stents.
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CHAPTER 5

In a recent study, Cademartiri et o (4) reported the relationship between diagnostic accuracy
of 64-slice CT and stent size in terms of the rate of false diagnosis (false positives and false
negatives). In contrast to our findings, the rate of false diagnosis reported in that study did not
decrease with increasing stent diameter. In stents <3 mm, the rate of false diagnosis was 6.19%;
in 3 mm stents, the rate of false diagnosis was |.6%; and, surprisingly, in stents =3 mm, the
rate of false diagnosis was 12%. An explanation of these findings compared with our study is
that only patients with stents larger than 2.5 mm were included. Secondly, complex stent con-
figurations such as overlapping stents and bifurcation stenting were not included in that study,
which may have led to an overestimation of the diagnostic performance in smalier stents. Lastly,
a 64-slice CT scanner was used, rather than the dual source CT scanner in this study.

Itis conceivable that future developmenis in CT technology might further increase the diagnos-
tic performance in patients with stents by improvements in spatial (eg, flat panel technology)
and temporal resolution,

TOTALLY OCCLUDED STENTS

Totally occluded stents might be easier to recognise on DSCT-CA. In our sample, |7 stents
were totally occluded. Overall, the analysis after exclusion of totally occluded segments yielded
similar sensitivity, specificity and NPY but lower PPY (Table 2},

STUDY LIMITATICNS

We examined a selected symptornatic patient cohort; applicability to a wider population may
therefore vield different resuts. This limitation was inevitable in order to compare DSCT-CA
with the reference technique, that is, conventional coronary angiography.

X ray radiation exposure is a general limitation of multi-slice CT coronary angiography (26 27).
MHowever, using x-ray tube modulation, full dose radiation may be given for a shorter duration
of the cardiac cycle than used in this study. Radiation dese is further reduced by automated
pitch adaptation with higher heart rates. Other widely accepted imaging techniques, such as
technetium sestamibi scans, may deliver radiation doses as high as 20 mSv (26 27).

CONCLUSIONS

This study shows that, in patients with recurrent chest pain after stent implantation, DSCT-CA
performs well in the detection of in-stent restencsis. Stent diameter is an important predictor
of DSCT-CA diagnostic performance; when stent diameter is £2.75 mm, the technique is as-
sociated with frequent false positives. However, due to the high NPV, DSCT-CA reliably rules
out in-stent restenosis irrespective of stent size,
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CHAPTER 6

INTRODUCTION

Exercise bicycle testing represents a widely available and inexpensive diagnostic modality and
was part of the initial assessment in 769 of patients with suspected angina in the recent Euro
MHeart Survey [ 1, 2], However, exercise bicycle testing is limited in the prediction of adverse
events with a reported 47% of events occurring during foliow-up in patients with a negative
exerdise bicycle test result [3]. Nudlear myocardial perfusion imaging (MP!) using single-photon
emission computed tomography (SPECT) allows the noninvasive assessment of the hemo-
dynamic significance of coronary artery stencses by the detection of myocardial ischemia and
provides complementary information for risk stratification [4].

Cormputed tomography coronary angiography (CTCA) has rapidly emerged as an alternative
noninvasive modality for the diagnosis of CAD. The diagnostic performance of CTCA on a per
patient level is high with sensitivities ranging from 93% to 100% and specificity ranging from
B2% to 96%. In particuiar, CTCA yields a high negative predictive value to reliable rule out of
the presence of significant coronary stenosis [5, 6, 7. 8, 9, 10, 11, 12]. Similar to nuclear MPI,
recent studies reported the incremental value CTCA in predicting all-cause mortzlity in symp-
tomatic patients [13, 14, 15],

In this study, we performed a comparison of the diagnostic performance of exercise bicycle
testinging with CTCA, and SPECT with CTCA, respectively, to detect obstructive coronary
artery disease using invasive coronary angiography (ICA) as the standard of reference.

METHODS

STUDY DESIGN

We evaluated 376 symptomatic patients (254 men; 122 women, mean age 0.4 [0.0) who
were referred for stress testing (exercise bicycle test and/or SPECT) and ICA based on gender,
age, type {typical, atypical or nenanginal) and severity of chest pain. Typical angina was defined
when the following three characteristics were present: |} sub-sternal discornfort 2) precipitated
by physical exertion or emotion and 3) relieved with rest or nitroglycerine within 10 minutes.
Atypical angina pectoris was defined when only two out of these three symptom characteris-
tics were met. Nonanginal chest pain was defined when only one was met or absence of the
described symptoms.

All patients underwent additional CTCA irrespective of the clinical judgment and stress test
outcome as part of a running research protocol. The study protocol was approved by the
institutional review beard of the Erasmus University Medical Center and informed consent was
obtained in all patients.
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dix Table. The CTCA images were interpreted blinded 1o the results of the stress test or ICA.
Segrments distal to a chronic total occlusion were excluded. Segments were scored as having
obstructive CAD if there was 2 50% diameter reduction of the lumen by visual assessment.
Segments distal to a chronic total occlusion were excluded.

INvASIVE CORONARY ANGIOGRAPHY (ICA)

Four experienced cardiologists, unaware of the results of the stress test or CTCA, analyzed all
coronary segments using a modified | 7-segrment AHA classification [20]. Segments were visu-
ally classified as normal (smooth parallel or tapering borders; visually less than 209 narrowing)
or as having nan-significant or significant coronary obstruction (visually more than 20% narrow-
ing). The stenoses visually scored as having more than 20% narrowing were quantified by a vali-
dated quantitative coronary angiography (QCA) algorithm (CAAS, Pie Medical, Maastricht, the
Netherlands} [2 1] and classified as significant if the lumen diameter reduction exceeded =50%.

STATISTICAL ANALYSIS

Statistical analyses were performed using SPSS (version 1 2. 1. SPSS Ing Chicago Il USAY, Cat-
egorical patients’ demographics and characteristics were expressed as numbers and percent-
ages. Continuous variables were expressed as mean {standard deviation}.

The pretest probability of having obstructive CAD was calculated using the Duke Clinical Score,
which includes types of chest discomfort, age, gender and traditional risk factors [22, 23] and
was expressed as mean (standard deviation).

Diagnostic performance and predictive value of exercise bicycle testing, SPECT and CTCA for
the diagnosis of obstructive CAD compared to the reference standard was evaluated on a per
patient level and expressed as sensitivity, specificity, positive and negative predictive value (PPY
and NPV} and their corresponding 95% confidence intervals, and positive and negative likeli-
hood ratios {LR).

Four comparisons were performed; exercise bicycle testing (condusive outcome) versus
CTCA,; exercise bicycle testing (conclusive outcome) and SPECT versus CTCA; exercise bi-
cycle testing {condusive and inconclusive outcome) versus CTCA; and SPECT versus CTCA.
An intention to diagnose design was used: in patients with incondusive exercise bicycle testing
cutcome without further testing, the test was scored as a positive outcome. In patierts with
inconclusive exercise bicycle test outcoms with subsequent SPECT, both test results were
independently evaluated in the analysis of the diagnostic performance of exercise bicycle test
{cendusive outcome) and SPECT, respectively.

The McMNemar test was performed to compare the sensitivities and specificties for CTCA
versus exercise bicyde testing (conclusive outcome), exercise bicycle testing (conclusive out-
come) and SPECT, exercise bicycle testing {conclusive and inconclusive outcome) and SPECT,
respectively. Additional agreement analyses between the four comparisons were performed
with |CA as reference standard.
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CHAPTER 8

Table 3. Agreement Analysis between CTCA and Exercise Bicycle Test, and CTCA and SPECT
(patient based analysis).

Exercise bicycle test {conclusive outcome)

N o= 258
TP ™ FP FN
TP (n= 194) 139 35
TN (n= 45) 30 5
CTCA
FP {n=18) 6 iz
FN(n=1) | 0
NP Exercise bicycle test {conclusive outcome) and SPECT
N TP ™ FP FN
TP (n=237) 177 €0
TN (n= 59) 42 17
CTCA
PP (n=21) 7 14
N(h=2) 2 0
N = 334 Exercise bicycle test (condusive and inconclusive outcome}
B TP ™ FP FN
TP(n=1245) 187 58
TN (n= 65) 35 30
CTCA
PP (n=23) 6 17
FN{= 1) | 0
SPECT
N =6l
TP TN FP FN
TP(n=43) 38 5
TN (n= 14) i 2
CTCA
FP (n=3) L 2
FNg=1) | 0

N indicates number; TP, true positives; TN, true negatives; FP, false positives; FIN: false negatives: NPV, nega-
tive predictive value; SPECT, single photon emission computed tormagraphy

For reasons of availability and costs, traditionally, exercise ECG using treadmill or bicycle testing
represents the first-line test to diagnose inducible ischemia in patients presenting with anginal
complaints. Exercise bicycle testing should be conducted in patients not taking arti-ischemic
drugs, but this may nat always be possible or considered safe [16]. Exercise bicycle testing is
not of diagnostic value in the presence of a left bundle branch block, paced rhythm and Wolff-
Parkinson-White syndrome that prevent reliable evaluation of the ECG changes during stress.
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disease in the cohort to be examined, and the number of patients that can be identified as
not needing further evaluation. The exercise bicycle test is widely availably, not costly and safe
compared to SPECT and CTCA, and despite its inferior diagnostic performance, may represent
the first line test in patients with a low pretest risk. SPECT and CTCA have superior diagnostic
performance, but are associated with higher costs and radiation exposure, and may represent
more appropriate initial tests in patients with an intermediate to high pretest risk. In patients
with stable angina, both normal CTCA and SPECT have a low risk of hard coronary events
{cardiac death or nonfatal myocardial infarction) obviating the need for catheterization or further
testing [14, 19, 35, 36, 37].

SPECT as initial test may identify jecpardized ischemic myocardium on a per patient level [38],
which fulfills the recommendations of the guidelines prior to revascularization. However, sev-
eral studies indicated that SPECT only moderately guides revascularization treatment of the
ischemia-related vessel [39, 40, 4171, CTCA could add valuable information to MPI by allocating
perfusion defects to specific epicardial coronary vessels. However, there is a known discrepancy
in hemodynamic significance of intermediate fesions with a luminal diameter stenosis between
40% and 70% [30, 42, 43, 44, 45]. Luminal diameter stenosis measurement does not always
reflect coronary artery resistance as it neglects spacific lesion characteristics, vasomotor tone
or presence of coronary collateral flow that may significantly affect myocardial perfusion [46).
Individual variations in coronary anatomy may alse contribute o inadequate allocation of perfu-
sion defects to corresponding coronary arteries [31]. On the other hand, in case of multivessel
disease lack of perfusion defects at SPECT in patients with obstructive lesions at ICA may be
attributed to a balanced reduction in myocardial perfusion owing to the compromised coronary
vasodilator reserve in territories supplied by angiography stenoses and thereby reducing the
heterogeneity of flow between “normal” and “abnormal” zones [47].

The potential of 2D/3D image fusion technigues or hybrid scanners (SPECT/CT) to correctly
link coronary stenoses at CTCA to perfusion defects to resolve inadequate allocation of per-
fusion defects is now being explored. The clinical application of cardiac hybrid imaging was
hampered due to the associated high radiation exposure to the patient {up to 40 mSv) [48]
but technical advances now permit hybrid imaging below 5 mSv with low-dose CTCA using
prospective ECG triggering combined with stress-only SPECT [49, 507, Further investigation is
needed to evaluate the diagnostic performance of SPECT/CT to accurately allocate and guide
treatrment of the target vessel,
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CHAPTER 7

INTRODUCTION

Invasive coronary angiography (ICA) is the reference standard for diagnosing coronary artery
disease (CAD), but it is expensive. Noninvasive tests, such as exercise electrocardiography
(ECG), single-phaton emission computed tormegraphy (SPECT), or stress echocardiography,
are less expensive but also less accurate (1-3). Computed tomography coronary angiography
(CTCA) is a newer noninvasive test that has been shown to be especially accurate for exdud-
ing coronary artery disease (4—11). However, it is unclear how CTCA performs in relation to
existing noninvasive tests and how it should be used along with other tests in the management
of patients with chest symptoms.

Because the clinical utility of a test depends not only on its diagnostic accuracy but also on the
pretest probability of disease in a population, we evaluated the diagnostic accuracy and clinical
utility of stress testing and CTCA for identifying which patients with chest symptoms shouid
receive ICA on the basis of their pretest probability of disease.

METHODS

STUDY DESIGN AND PATIENTS

We approached and prospectively recruited patients with chest symptoms who were referred
to our madical center for stress testing (exercise ECG or SPECT) and ICA by their treating phy-
sicians. YWe recruited patients during 2 enroliment periods: 2004 to 2006, during which all 297
eligible patients underwent stress testing, CTCA, and ICA, and 2006 to 2008, during which all
220 patients who met elighility criteria underwent stress testing and CTCA,

In the second group, 141 patients had a negative stress test result and a normal CTCA result;
we did not refer these patients for ICA because new data (12-17} indicated an extremely low
probability of either obstructive coronary artery lesions or adverse events in such patients, and
we therefore considered it unethical to proceed with ICA. We included these patients in the
study and classified thern as not having obstructive CAD (true-negative results).

We considered patients ineligble for the study if they had acute coronary syndromes or a
history of percutaneous coronary stert placement, coronary artery bypass surgery, or myoccar-
dial infarction. Fatients with other forms of atheroscderotic disease, such as previous nonstent
percutaneous intervention or cerebrovascular or peripheral artery disease, were eligible. All
diagnostic test results were interpreted by | or more readers with more than 5 years of ex-
perience, who were blinded to the results of all other tests. The institutional review board of
the Erasmus University Medical Center, Rotterdam, the Netherlands, approved our study pro-
tocol. We informed patients of the risks of radiation exposure and intravenous administration
of iodinated contrast medium and the potential complications associated with CTCA (such as
oceurrence of contrast extravasation), All patients gave inforrmed consent.
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STATISTICAL ANALYSIS

We used SPSS, version 12,1 (SPSS, Chicago, llinois), for all statistical analyses. We report cat-
egorical variables as numbers and percentages and continuous variables as means (SDs). We
express the diagnostic accuracy of stress testing and CTCA compared with [CA as sensitivity,
specificity, positive and negative predictive values, and positive and negative likelihood ratios,
with corresponding 95% Cls. We determined interobserver variability for the detection of
significant stenoses on CTCA by x statistics and determined intraobserver agreement similarly,
on the basis of readings from 100 patients,

We defined a patient’s pretest probability of having obstructive CAD by wsing the Duke dinical
score, which uses type of chest discomfort, age, sex, and traditional risk factors to calculate
a specific probability and classifies patients as having a low (<25%), intermediate (25% to
75%), or high (>75%) probability of disease (3, 24). We used similar thresholds in our primary
analyses, categorizing patients into low (<20%), intermediate (20% to 80%), or high {>80%)
pretest probability groups. We altered the thresholds of these categories (to < 10%. 10% to
90%, and >90% and to <30%, 30% to 70%, and >70%)} 1o test the sensitivity of our findings
to these primary thresholds (25, 26).

We calculated posttest probability as a function of pretest probability according to the Bayes
theoremn of conditional probability (27}, We used the posttest probability of an initial test as
the pretest probability for a subsequent test. Pretest and posttest probabilities are expressed
as means (959% Cls). We assessed the clinical utility of stress testing and CTCA, alone or com-
bined, assuming that pretest or posttest probabilities of 5% or less indicated that no further
diagnostic testing was reguired, probabilities between 5% and 90% represented uncertairty
and indicated that further diagnostic testing was required, and probabilities of 90% or greater
indicated direct referral for ICA.

We performed analyses for the overall population and stratified by pretest probability category
and enrclliment period, 7o assess the potential effects of verification bias in the second period,
we performed an additional analysis with the assumption that 3% of the patients who had nega-
tive stress test and CTCA results and were presumed to have no CAD actually did have disease
(a 3% false-negative rate) (24).

RESULTS

Of the 612 patients referred for diagnostic work-up who were eligible for the study, 95 were
excluded from our final analyses (Figure 1. Table | shows demographic characteristics for
the remaining 517 patients. Of these, 475 (9296) underwent exercise ECG and 42 (8%)
were referred for pharmacologic SPECT because of inability to exercise or preexisting ECG
changes.
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Efigible patients referred for stress test and

ICA, 2004-2008 (n = 612)
Exciuded for fack of
> informed consent
{n = 33)
Y
Gave informed consent (n = 579)
Exciuded {n = 27)
» Contraindications: 25
Extreme obesity: 2
b4
Completed $tress test (exercise
ECG or SPECT) (n = 552)
Excluded (n = 35)
CT scanner not avaflable: 48
. Contralndications: 13 |
Scan failure: 4
L 2
Compleled CTCA (n = 517)
¥ L4
Enrollment period 1, : Enrollment period 2,
2004-2006(n=297) 2006-2008 {r = 220); all
64-slice: 119 -~ 7 dual-source
Dual-source: 178 - :
¥ 2 ¥
ICA (n = 297) < ICA N =79) Patients with negative
S— CYCA and stress test
results (m = 141)
¥ ¥ ¥
Pretest probabitity* Pretest probability® Pretest probability*
Low: 38 (13%) Low: 16 (20%}) Low: 68 (48%)
Intermediate: 141 {47%) .Intermediate: 42 (53%) Intermediate: 66 (47%)
High: 118 (40%} High: 21 (27%) High: 7 (5%)

Figure L. Study Flow Diagram, CT = computed tomography; CTCA = computed tomagraphy coronary
angiography; ECG = electrocardiography; [CA = invasive coronary angiography: SPECT = single-photon
ermission computed tomography. * On the basis of Duke dinical score. We defined low probability as <20%,
intermediate as 20% to 80%, and high as >80%.

101






"21095 (B3I BHN(] JO SISBY YL UO) §

‘L0740 9461 0 souaieassd B U0y (9507 =) AliGEGoJd 15a1a1d MO| B PEY WY | D) USMUIIPUN Oum siuaried 771 SYL IO ¢ '9|dLUEXS 10 'PE}5a1 9504 JO SSERSID AJSIIE AJBUOIOD UNM SIUSNEY 4,
‘Aydesdodue Aeuosos Aydesdowc paindwos = v 1D

BO'0000  (+996871) (001-74) (86-68) (£8-05) {00t-56)
13
0o o, % a6 > 66 L 8l ord} 2| 16 €8 YOLD
ego+ror  lozeorn (e5-£2) {55-£8) (B-6£) (68-02) o7 o <l < (4 8 1 s

90 96| 43 6 09 74

S Ty e0es) B
(s00000)  (8587-05°2) {001-+6} {16-¢8) (£6-28) {001-56)
: palle
100 Iy 5 o i o6 8 (o[} 0l 6¥C 05 g5
(ecosi0)  (oreory) {(+8-89) (og-12) {+8-99) (o8-14)
o 1591 $5U)5
a0 e i’ o o i I8 16 ¥01 65T 08 £9
0 (90800 Spawia)
(ceoooor (€551t {0o1-56) (£8-0%) (+6-08) {oor-£8)
I i % | | 74 alle]
000 68 001 69 69 001 0 8 ¢ “ ,
@@a‘.m. NI RN (/6748 (29-£¢) (eg-9¢) (28-61) 0 o 5o 5304
SED 80 76 £8 72
ooz ot
eCooon) 00 e-or9) (001-96; {r6-28) {cor8) (001-26)
1k
100 076 5 P’ P 6 4 9z sIT Vit £16 75 £5 YOI
(5e0@ (vl D {tg-00) {5850} {eg-72) (eg-cs) - be /81 ol7 /i % ce R

870 6F'L 9L 08 Ll 274

.. : e ﬁ.m.;O :

}s2] ssa0g

AiAmgegeag
yso300d

‘FaugeAslg

Pisod | seApeBaN sAIsod - .
. idenalin T ona) L dsyuaned -

1Geqo4d 15393944 YBIH PUE ‘@Ipawiaju] ‘Mo 40 SPIoYysaJi | Jualalg Sui
-sn ‘(sisdjeue Juaned-Aq-juaney) aseasiqq L1910y L1euoLo) aAINJISqQEO Bupdalaq J40) w1 pue Suisa) SSa41S JO INjEA IAIDIPAL] PUE IDUBWLIOLIS] d13souBelq ‘7 gLl







CHAPTER 7

Figure 4. Intention-to-diagnose Strategies in Patients with a High (>>80%) Pretest Probability,
Prabability is based an Duke clinical score. CTCA = computed tomography coronary angiography; PTP =
posttest probability.
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probability of 5% or less and that a probability of 90% or greater warranted ICA, patients in the
low pretest probability group with an initial negative stress test result (496 posttest probability}
or initial negative CTCA result (09 postlest probability) required no further testing (Figure 2).

Patierts in the intermediate pretest probability group with an initial positive CTCA result (93%
posttest probability) were candidates for ICA, whereas those with an initial negative CTCA
result (19 posttest probability) needed no further testing (Figure 3). For patients in the high

pretest probability group (%1% pretest probability), the Duke clinical score provided sufficient
Justification to proceed with [CA (Figure 4).

SECONDARY ANALYSES

Appendix Table 4 shows the diagnostic accuracy of stress testing and CTCA at pretest thresh-
olds of 10% and $0% and thresholds of 309% and 70%; our findings were similar to those ab-
tained at thresholds of 209 and 80%. Stress test likelihood ratios were between 0.1 and 10 for
all pretest probability groups with both sets of alternative thresholds, and because CTCA sen-
sitivity approached 100% in all groups, the CTCA negative likelihood ratio was less than G.1 in
ali pretest probability groups with all threshelds. The CTCA positive likelihood ratio was greater
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Computed tomography coronary angiography was z reliable first-line diagnostic test in patients
with an intermediate pretest probability because, unlike stress testing, it vielded sufficient cer-
tainty in patients in this group to stop testing or proceed with ICA. In the high pretest prob-
ability group, the Duke clinical score provided sufficient certainty (=>90%) to proceed with ICA
without further noninvasive testing; however, patients in this group often require revasculariza-
tion, and functional stress testing may therefore still be useful to provide objective evidence of
ischemia before revascularization (2, 3 1-34).

Qur study has limitations. Referral bias was present, because patients were recruited into the
study from a population referred by their clinicians for diagnastic worlk-up, induding 1CA, of
their chest symptoms, and the effect of that bias on our findings is uncertain. Verification or
work-up bias was probably also present during the second enrcllment period, because the
results of stress testing and CTCA influenced which patients received ICA {the reference).

However, an analysis that assumed a 3% prevalence of CAD in this subgroup of patients sug-
gested no clinically significant effect of the bias on study estimates.

Our probability thresholds for distinguishing patients with low, intermediate, and high pretest
probability of disease were arbitrary. However, we also assessed stress testing and CTCA at
different pretest thresholds and found only small differences compared with the 20% and 80%
thresholds.

Fimally, our study compared both functicnal stress testing and CTCA with QCA. Anatomical
lesicns seen on imaging (CTCA and QCA) are not always functionally significant, so the com-
parisons may have produced estimates of accuracy that make CTCA seem more accurate and
clinically useful than it really is. However, CTCA has inferior spatiat and temporal resolution
compared with ICA, and the techniques vary in their assessment of the severity of stenosis (5),
Comnbining information on corenary anatomy with that of functional ischemia may offer better
guidance for patient management decisions. A diagnosis of corenary obstruction requires func-
tional testing to establish the presence of flow reduction, and a diagnosis of functional abnor-
rmality requires coronary anatomy data to distinguish between epicardial coronary obstruction
and microvascular disease and to identify the presence of left main or 3-vesse! disease, which is
associated with an unfavorable prognosis and is often undetected by exercise ECG or SPECT
{35, 36). Future research should further explere the diagnostic benefit of integrating anatomy
imaging and function testing by elther multi-imaging fusion techniques or hybrid configurations,
such as computed tomography and SPECT or computed tomography and positron emission
tomography, both of which have shown promising preliminary resutts {37, 38).

In summary, our findings suggest a focused role for CTCA testing. Stress testing is sufficient as
a first diagnostic test for patients with a low pretest probability of CAD on the basis of thair
Duke dinical score. Computed tomography coronary angiography plays a more important
role in patients with an intermediate pretest probability, in whom the test can distinguish which
patients require invasive testing. In patients with a high pretest probability, neither stress testing
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Appendix Figure 3. Intention-to-diagnose Strategies in Patients with an Intermediate Pretest

Probability of 10%-90%.
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Appendix Figure 7. Intention-to-diagnose Strategy: Comparison of Low-probability Thresh-
olds (<109, <20%, and <30%).
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INTRODUCTION

Traditionally, stress testing has been used as the initiat diagnostic test in patients presenting
with stable angina suspicious of obstructive coronary artery disease (CAD) ' The use of non-
invasive CT coronary angiography (CTCA) has grown rapidly because of its compeliing images
and its revealing direct evidence of extent, location, and severity of obstructive lesions rather
than the indirect evidence of stress induced Ischemia tests. It should be realized, however, that
CTCA should not be used indiscriminately because it is associated with radiation exposure,
contrast use and considerable costs. ideally, CTCA should therefore be used only in patients
in whorn CAD cannot reliably confirmed or excluded on the basis of dlinical characteristics or
stress testing 34, There is growing evidence that CTCAis only indicated in patients with inter-
mediate pretest probability of CAD where CTCA is useful for clinical decision making 57. This
requires effective risk stratification, where CTCA would not provide additional useful clinical
information in patients with a low or high pretest probability of CAD.

The original approach to risk stratification as an aid in the dinical diagnesis of CAD was published
by Diamond and Forrester in 1979 & They estimated the pretest probability of CAD defined by
age, sex and type of chest pain. The usefulness of probability analysis was correlated with the
prevalence of obstructive CAD as demonstrated by autopsy or invasive coronary angiography
{ICA) 5. The majority of patients demonstrated typical angina indicating a high probability of ICA
diagnosis of obstructive CAD in the population under investigation.

To date, prediction rules for CTCA diagnaosis of obstructive CAD are lacking. Clinical evaluation,
stress testing and CT-coronary calcium score {CCS) have shown to be useful in determining
the probability of CAD prior to CTCA ®'%, but the incremental value is largely unknown. We
investigated the incremental value of clinical evaluation, bicycle stress testing and CCS for the
noninvasive CTCA diagnosis of obstructive CAD using a three-step multivariate logistic regres-
sion model. From the model with the highest discriminatory power, we derived a dinical prob-
ability score that allows restrictive referral to CTCA of patients with intermediate probabllity of
a positive CTCA,

METHODS

STUDY DESIGN AND PARTICIPANTS

543 patients with stable angina suspicious for obstructive CAD underwert diinical evaluation,
bicycle testing, CCS and CTCA (Figure 1). Patients were excluded from the study if they had
acute coronary syndromes, previous history of percutanous coronary stent placement, coro-
nary artery bypass surgery and prior myocardial infarction.

The study protocol was approved by our institutional review board. Patients were informed
about the radiaticn exposure, irtravenous administration of iodinated contrast medium and
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absent but heart rate did not reach 85% of the maximum predicted for age and gender; and
negative otherwise, We classified patients with equivocal bicycle test result as having a positive
test result.

CT CoronaRry CaLcrum Score (CCS)

All patients underwent 64-slice computed tomography. A non-enhanced CT-coronary calcium
score scan was performed prior to CTCA, Total calcium scores were calculated using dedicated
software {Syngo Calcium Scoring ®, Siemens, Forchheim, Germany) and expressed as Agatston
scores, Negative CCS was defined as Agatston 0. Intermediate CCS was defined as Agatston
1-400. High CCS was defined as Agatston >400.

CT CoRONARY ANGIOGRAPHY (CTCA)

Patients underwent CTCA as previously described 7. Patlents were eligible for CTCA if they
were not pregnant and had no known allergy to iodine contrast media, normal renal function
{(serum creatinine < 120 umol/l), and regular heart rhythms,

For CTCA interpretation, two readers analyzed corcnary segmenis using a modified | 7-seg-
ment American Heart Association dassification ', Segments were scored as having obstructive
CAD if there was >50% diameter reduction of the lumen by visual assessment. Segments
distal to a chronic total ccclusion were excluded. All CT scans including all vessels and sag-
ments were analyzed even if the image quality was poor due to extensive calcification, coronary
motion, or breathing artefacts. All CTCA results were interpreted by two readers (> 5 years
experience) blinded to the results of aft other tests. Interobserver disagreemenits were resolved
in consensus in a joint session, A positive CTCA was the end-point for all analyses.

STATISTICAL ANALYSIS

We used SFSS, version 12,1 (SPSS, Chicago, lllinois) for all statistical anzlyses. We report cat-
egorical variables as numbers and percentages and continuous variables as means {SDs). We
determined inter-observer variability for the detection of significant stenoses on CTCA by kap-
pa-statistics; intra-observer agreement was determined similarly based on the readings from
100 patients.

MODEL DEVELOPMENT
For the development and validation of the multivariate logistic regression model, we randomly
assigned patients to a developrment cohort (n=278) or validation cohort (n=265).

UNIVARIATE ANALYSIS

Atotal of |5 independent variables were analyzed in the development cohort with univariate
fogistic regression:
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FATIENT RECLASSIFICATION
For each step, the proportion of patients reclassified to low, (<<2096), intermediate, (20-80%)
and high probablity (>80%) of a positive CTCA was calculatad in the total study population.

We altered the threshold of intermediate probability (10% 1o 90%,; and 30% to 70%) to test
sensitivity of our findings to these primary thresholds.

CLINICAL PROBABILITY SCORE

Aclinical probability score was derived from the multivariate model with the highest discrimina-
tion. Each independent variable was assigned a weighted numerical value according to In {odds
ratios) [OR], The total score was generated by summing the numerical values (Appendix B).

Table }. Baseline Clinical Characteristics (n= 543}

Parameter Development . - Validation . - iy
TSR L Y Cohert (R=278) | Cohort (n265)
Mean age (SD), y o ' 58.4(10.4) 584 (10.0)
Male, 967 400 i g ey (R 0093
Rk fdtiors, (36 i e
Hyp.er.‘ta.ansion |28 (46) 122 (46) . 0.999
High cholesterol 134 (48) 132 (50 0.708
Diabetes mellitus 42(15) 34(13) 0,444
Smoker 84 (23) 64 (24) 0.757
Famnily history of coronart artery disease 150 {(54) 134(51) 0.429
Obestty 43(15) 36 (14 0.571
Chest pain 1y (%) [0 L e e
Typical angina . . 108 (39} - Ib‘? 41y G.562
Atypical angina 69 (25) &4 (25) 0.876
Nonanginal chest pain 101 (36) 91 (349 0651
Boyde test R R e
Positive test ” 131 (47) 122 (46) 08
Coronary Ca'f(:i'urh_'S'Cére "{CC'S) .' Sl T
Negative CCS (0} 21 (33) .85 (32 . 0.728
Irtermediate CCS (1-400) 116 (42) [14(43) 0.8%6
High CCS (= 400) 64 (23) 63(24) 0.907
CT Coronary Angiography (CTCAY 7 b s e R
Positive test R - 147 (53) 139 (52) 0921
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STeEP 3: Sixvariables remained statistically significanit in the multivariate analysis (Table 3).
Patients with a high CCS were significantly most likely 1o have a positive CTCA (OR 65.4), The
other variables independently associated with a positive CTCA were a positive bicycle test,
intermediate CCS score, diabetes mellitus, typical angina and high cholesterol.

Table 3. Model Development: Multivariate Analysis - Independent Variables (p-value <0.05),

‘Dévelopment cohort
(n=278) Multivariat model - *

Step | Age per year b [.0-1.1 G.001

Gender 22 1.2-4.0 0.013

Smoking 22 1145 0.025

High cholestercl 2.8 [.6-5.0 0.001

Diabetes mellitus 3.1 1.3-7.3 0.009
Typical angina 3.5 |.9-6.4 <0.00|

Step 2 Age per year I FO-1.1 0.001
Male 1.8 0.9-36 0.083

Typical angina 26 [.3-5.3 0.008

High cholesterol 2.6 [.4-5.1 0.004

Diabetes mellitus 4.2 |.6-10.9 0.003
Positive bicycle test 10.8 55-21.2 <0.001

Step 3 High cholesterol 2.3 I.1-4.7 0.029
Typical angina 26 1.2-5.7 0018

Diabetes mellitus 37 [.8-18.3 0.004
Intermediate CCS 6.2 2.7-14. <0.001
Positive bicycle test 2.5 4.5-20.2 <0.001

High CCS 65.4 15.6-275.1 <0001

Table 4. Model Development and Validation: Multivariate Analysis - Discriminatory Capacity

82.2(77.3-87.0y 80.8 (77.2-84.4)
88,9 (85.0-92.7) 90.8(88.2-93.3)
92.7 (89.5-95.9) 93.6(21.5-95.7)
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CLINICAL PROBABILITY SCORE

Adlinical probability score was derived from the multivariate model using independent variables
from clinical evaluation, bicycle testing and CCS (step 3). The relation between between calcu-
lated prebability by the multivariate model (stap 3) and the dlinical probability score is presanted
{Figure 4A).

I. INTERMEDIATE PROBABILITY OF A POSITIVE (TCA: THRESHOLD
From 20% 10 80%

A score of 0-2 [exact: 0-2.3] was associated with jow (<20%) probability of having a positive
CTCA, whereas a score of 2-5 [exact: 2.3-4.9] was associated with intermediate (20-80%)
probability. A score of 5-10 [exact: 4.9-2.9] was associated with high (>80%) probability (Fig-
ure 48).

2. INTERMEDIATE PROBABILITY OF A POSITIVE CTCA: THRESHOLD
FromM 10Z 710 90X

Ascore of 0-2 [exact: 0-1.7] was assodiated with low (< 109) probability of having 2 positive
CTCA, whereas a score of 2-6 [exact: 1.7-5.8] was associated with intermediate {10-90%)
probability. A score of 6-10 [exact: 5.8-9.9] was associated with high (>>%095) probability (Ap-
pendix Figure 3),

3. INTERMEDIATE PROBABILITY OF A POSITIVE CTCA: THRESHOLD
FrROM 30% ro 70%

Ascore of 0-3 [exact: 0-2.6] was associated with fow (< 3096) probability of having a positive
CTCA, whereas a score of 3-4 [exact: 2.6-4.4] was associated with intermedizte (30-70%)
probability. A score of 4-10 [exact: 4.4-5.9] was assodiated with high (>709) probability (Ap-
pendix Figure 4).

A practical calculator for the dlinical probability score is presented (Figure 5).

DISCUSSION

The number of CTCAs is increasingly growing for diagnosis of obstructive CAD in symptomatic
stable patients '*. The very high negative predictive value (>959) strongly supports the use
of CTCA as reliable gatekeeper to invasive coronary angiography, in particular, in patients with
intermediate probability of CAD *7. However, CTCA is associated with radiation exposure to
the patient and if applied inappropriately may increase costs,

We demonstrated that clinical evaluation, blcycle stress testing and CCS have incremental value
for CTCA diagnosis of obstructive CAD in stable patients.
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Figure 5. Clinical Probability Score: A practical calculator

Total score -

Patients classified to a high probability category of CTCA diagnosis of cbstructive disease, in the
majority having typical angina, a positive bicycle test and a pasitive calcium score, should not be
referred to CTCA but may require direct referral to invasive coronary angiography to assess
suitability for medical treatment or revascularization. However an additional functicnal test such
as SPECT or stress echocardiography to assess the presence and severity of myocardial isch-
emia may also provide useful diagnostic information because patients with ne or mild ischemia
reguire optimal medical treatment and those with moderate to severe iaschemia fare better
with coronary revascularization *#. CTCA in this high probability category is less appropriate
because, in particular in intermediate lesions, invasive fractional flow reserve measuremenits
over- or underestimates the flow limiting effects of CTCA detected coronary lesions *.

The clinical probability score, derived from the mode! with the highest discrimation, may serve
as an efficient and accurate indicator for restrictive referral to CTCA only in patients with stable
angina and intermediate probability of CTCA diagnosis of obstructive CAD. The score is eas-
ily obtainable using inexpensive parameters, including age, gender, presentation of chest pain,
cardiovascular risk factors, and the widely available bicycle stress test, whereas CCS can be
obtained by a low-dose radiation exposure, guick scan, without the need for invasive contrast
administration.

LIMITATIONS

Our study was a single certer study performed in a moderately large populztion of patients with
stable angina. Larger, multi-center randomized studies are needed to confirm our initial results
and whether similar results can be obtained In a less restricted patient population including
those with previous myocardial infarction, or prior revascularization with PCl or CABG,
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APPENDIX

AppPENDIX A, THREE-STEP MULTIVARIATE MODEL
The probability of a positive CTCA was calaulated as:

T +e)

where e = base of natural logarithm

x=ay +ay, +..tay +Bb
where y, = variables
a, = corresponding logistic regression coefficlents

B = intercept term

Predictive variables with their coeflicients are listed below for each step,
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APPENDIX B, CLINICAL PROBABILITY SCORE (DERIVED

FROM STEP 3)

The clinical probability score was calculate as:

Score =ay, +ay, *....tay

where y = variable

a = corresponding logistic regression coeficient

APPENDIX FIGURE 1.
Patient reclassification in low (<10%), intermediate (10-90%), and high probability (>90%)

of having a CTCA diagnosis of cbstructive CAD.

[ Totolstudy popiaion o= 643 |

b
Miulifvarable modak
L4 b4 ¥
Lew probahility (<10%} Erviermediade probahility {10-90%3 Hghpwhabiliy {-90%)
Siep Lin=31(6%) Siep lin=45485%) Slep 1:n= 48 @%}
Siep 2:0= T2 (13%) Siep 2in= 355 B5%) Siep R:n= 115 21%)
Sisp 3:n= 120 QX %) Shep 3= 269 G0%) $ep 3:a= 154 28%)

APPENDIX FIGURE 2.
Patient reclassification in low {<309%), intermediate (30-70%), and high (>70%) probability

of having a CTCA diagnosis of obstructive CAD.

| Total study popudation n= 5463

h 4
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Siep 3:n= 226 {296)
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INTRODUCTION

Coronary computed tomographic {CT) angiography has emerged as a neninvasive diagnos-
tic modality that can reliably help exdude the presence of significant coronary artery disease
{509 lumen diameter reduction) (1 -8). However, the radiation exposure associated with CT
scanning is high (2), as compared with conventicnal coronary angiography, and may result in
restricted clinical use.

Technologic improvernents are required to reduce radiation exposure and to preserve CT
irmage quality. The dual-source {05} CT scanner is equipped with two x-ray sources; this con-
figuration results in an improved temporal resolution of 83 msec that allows scanning at higher
heart rates (HRs) (10-14). The radiation exposure is reduced primarily because of the in-
creased pitch, and thus shorter scan times, in patients with higher HR. An additional cardiac
bow-tie filter and a smaller field of view with the second detector can reduce radiation expo-
sure further (14).

In addition, D5 CT s equipped with electrocardiographically triggered x-ray tube modulation,
or electrocardiographic (ECG) pulsing. Prior to the scan, the operator can manually select the
width and timing of the ECG pulsing window in the R-R interval during which full tube cur-
rent is given. The ECG pulsing window is preferably positioned within the cardiac cycle when
the heart moves less (.., end systole and end diastole) to obtain motion-free images of the
coronary arteries. The tube current outside the pulsing window can be set at 20% (functional
analysis possible) or 49 of the nominal tube current, and hence the total radiation exposure
can be greatly reduced.

The airr of this study was to determine the optimal width and timing of the ECG pulsing win-
dow within the cardiac ¢ycle in relation to HR, image quality, and radiation exposure in patients
who are suspected of having coronary artery disease.

MATERIALS AND METHODS

From July 2006 to june 2007, we included 362 consecutive symptomatic patients who were
suspected of having coronary artery disease and were scheduled to underge conventional
coronary anglography. Only patients who had sinus rhythm without a previous history of per-
cutaneous intervention or bypass surgery were induded. Excluded were patients with known
allergy to iodinated contrast material (n = | 1); patients with impaired renal function, defined by
a serum creatinine value of more than 120 umol/L {n = |8); patients with persistent arrhyth-
mias (n = 17); or patients in whomn there was a logistic inability to perform CT before con-
ventional coronary angiography (n = |5). Thus, the study population comprised 301 patients
(215 men, 86 women; mean age, 63.6 years + [0.6 [standard deviation]; range, 2589 years).
The institutionzl review board approved the study, and all patients gave informed consent.
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were used to identify coronary motion artifacts, Three months after the initial evaluation, one
observer {A.C.W.) reanalyzed a randomly selected set of |00 data sets to determine the intra-
observer agreement, Both observers (A.C.W. and N.R.M.} independently selected the best ES
and ED data sets that provided the largest number of segmerts with good image quality. The
selected data set was defined as high quality if all segments demonstrated good image quality.
Interobserver disagreements were resolved in consensus in a joint session.

CLASSIFICATION ACCORDING T0 HR GROUPS
After plotting the frequency of high-quality data sets reconstructed during ES, ED, or both ES
and ED in relation to HR, patients were dassified according to low, intermediate, and high HRs

(Fig 1).

ECG PULSING WINDOW

For each HR group, the optimal width of the image reconstruction window during ED and ES
was Calculated, including exact 95% confidence intervals. The optimal timing (during ES, ED,
or both ES and ED) of the ECG pulsing window was determined by evaluating the differences
in occurrence of high-quality ES and ED data sets in each HR group. The optimal width of the
ECG pulsing window (in percentages) corresponded 1o the calculated width of the image re-
construction window for each HR group.

EFFECTIVE DOSE

The effective dose for coronary DS CT angiography was estimated, with the use of Maon-
te Carlo estimations (ImPACT CT Patient Dosimetry Calculator, version 0.99x; 5t George's
Healthcare NHS Trust, Tooting, London, England) that are available at impactscan.org, and was
derived from CT dose index volume measurements obtained from the CT scanner console.
The CT dose index volume is used fo estirmate the average radiation dose within the scanned
volume on the basis of a standardized phantom (1 7).

For each HR group. the potential effect of the optimal ECG pulsing window on the effective
dose was calculated by using the following equations: Epat = (0.45 * Emox) + [(0.55 - Emax)/T]
and Fopt = (WEmax) + [{1-W) - Emax/T], where Epat is the effective dose that is based on
the Monte Carlo estimations in each patient, Emax is the calculated dose by using maximum
tube current throughout the entire cardiac cycle, Eopt is the calculated effective dose by using
optimized ECG pulsing, YW is the width of the optimal pulsing window, and T is the tube cur-
rent outside the pulsing window as a percentage of the nominal tube current; T20% = 5 and
T4% = 25.

STATISTICAL ANALYSIS

Statistical analysis was performed by using software (SPSS, version 12.0.1; SPSS, Chicago, IIl).
Continuous variables were reported as means and standard deviations, and categorical vari-
ables were reported as frequencies or percentages. Comparison between HR groups for age
and bedy mass index was calculated by using the analysis of variance test, and comparison be-
tween HR groups for sex was calculated by using the X2 test. Inter- and intraobserver variability
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A high-quality data set was found during ES in 819% {n = 244) of 30| patients and during EC in
719 (n = 214} of those patients. The statistic for interobserver agreement in the selection of
high-quality data sets was 0.88.

CLASSIFICATION ACCORDING TO HR GROUPS
Patients were classified in low HR (£65 beats per minute), intermediate HR (6679 beats per
minute), and high HR (=80 beats per minute} groups on the basis of two cutoff values (Fig 1).

ECG PuLsSING WINDOW
Patient characteristics are listed in Table 2.

The timing of the image reconstruction windows during ED and ES varied within the R-R inter-
val {Table 3). In the low-HR group, reconstructed data sets in ED provided high quality in 93%

P=0.125 P < 0.001 P <0001 Figure 2. Frequency of High

[ ——— ; )
% P=0.011 P<0.001 =000 P <0.001 P<0001  P=0453 Quality Datasets in Three HR
100 - 1 [ —ir—i groups in End-diastole (ED)
& (light gray box) or End-systole
80 | (ES) {(dark gray box) or both
ED/ES (black box) on a per Pa-
tient level,
60
40 1
20 1
0 4
<65 §6-79 280
HR {bpm)

(118 of 127), without significant improvement (P = (.13} by adding reconstructed data sets in
ES. in the intermediate-HR group, reconstructed data sets in ES provided high quality in 79%
(86 of 109), and reconstructed data sets in ED provided high quality in 699% (75 of 109). The
availability of reconstructed data sets in both ES and ED significantly improved (P < 0.001} the
number of high-quality data sets (91%, 29 of 109).

Table 3, Image Reconstruction Windows in Three MR Groups.

Heart rate (beats/minute) - . End-Systole % R-Reinterval ' End-Diastole % R-R-interval
<65 2539% 60-75%
6679 30-44% §1-77%
280 31-47% 65-75%

alues are the ranges of percentages of the R-R interval.
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Figure 3. Width and Timing of ECG Pulsing Windows in the R-R-interval in Low (65 bpm), Intermediate

(66-79 bprny and High (=80 bpm) Heart rates

0 10 20 30 40 S0 80 TO B0 &) 100 0 10 20 30 40 50 60 70 80 S50 100 0 10 20 30 40 S0 60 70 80 &0 100
R-R Interval (%) R-R Interval {%) R-R interval (%)

HR <65 bpm HR 66-79 bpm HR =80 bpm

In patients with intermediate HR, the width of the ECG pulsing window could not be narrowed
without affecting image quality. However, the effective dose could be reduced by 9% (from
4.7 to 3.4 mSv) with a reduced tube current outside the ECG pulsing window of 4%.

Table 4. Effective Dose in DS Corenary CT Angiography.

{EDDfor HR - EDDfor HR

_"Eand Tube Current

No ;:)ulsmg

Wide pulsing® s S

20% t;.Jbe c.urrent . . \5:7. . . I 87“'

4% tube current 132 15.8 [2.4

20% tube current 1.8 I't.0 15.6 7.1
49% tube current 8.6 6.8 13.4 4.2

Tube current is outside pulsing window. EED = estimated effective dose. * Wide pulsing window was
25%--70% of the R-R interval. TEED was based on Monte Carlo estimations by using volume CT dose index
in each patient. *Optimal ECG pulsing windows were as follows: 60%—76% (HR, <65 beats/min), 30%—77%
{HR, 6679 beats/min), and 31%—47% (HR, <80 beats/min) of the R-R irervai,
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The reduction in radiation exposure was corsiderable if one could use a narrow ECG pulsing
window according to the HR. in patients with low HR (=65 beats per minute), the radiation
exposure was reduced to an effective dose of [1.0 mSv with reduced tube current cutside
the puising window of 20% of the nominal value to an effective dose of 6.8 mSv in the case of
reduced tube current outside the pulsing window of 496 of the nominal value. It is of note that,
in patients with low HR, the use ¢f a narrow pulsing window is very effective in the reduction of
patient dose because of the relatively long low-dose period of the long R-R interval,

In patients with intermediate HR (6679 beats per minute), reduction in radiation exposure can
be achieved only by using a reduced tube current at 4% of the maximum value in combination
with a wide FCG pulsing window. However, the radiation exposure can be further reduced in
patients with intermediate HR. Our data showed that, o acquire the data, there are potentially
two narrow pulsing windows, 30%—44% and 6196-77% of the R-R interval, which would al-
low CT scanners the possibility of double pulsing (two peaks of nominal tube current during a
single heartbeat) to use this scan protocol. For double pulsing, scanner technology should allow
fast tube current transitions from nominal to low tube current and vice versa. To date, double
pulsing is not yet clinically applicable in coronary CT angiography.

In patients with high HR (=80 beats per minute), optimized ECG pulsing can help to decrease
the effective dose to 7.1 mSv at 20% tube current outside the pulsing window or 4.2 mSv at
456 tube current outside the pulsing window. In this case, the reduction in radiation exposure is
mainly the result of the high pitch and, hence, short scan time to cover the heart {14).

Qur study had limitations. For the image guality evaluation, we took inte account enly the pres-
ence of coronary motion artifacts. Other image-degrading artifacts, such as low signal-to-noise
ratio or calcium-related blooming artifacts, were nat evaluated.

Qur resuits show that the use of optimal ECG pulsing windows in relation to HR would resuit
in a significart decrease in radiation exposure in coronary DS CT angiography. However, our
findings were based on caiculations and, therefere, only assumptions. Nevertheless, these as-
sumptions appear reasonable and are taken from the technical properties of the DS CT scan-
ner, properties that allow selection of narrow ECG pulsing windows in any phase of the cardiac
cycle. However, prospective selection of these narrow pulsing windows for low and high HRs
requires testing in the real clinical situation to demonstrate that these settings indead do not
compromise image quality.

In addition, prospective studies should provide evidence that the sensitivity and specificity to
detect or rule out significant coronary artery disease are not negatively affected by the use of
narrow ECG pulsing windows,

We did not evaluate the effect of other dose-saving algorithms, such as lower tube voltage or

tube current, on image guality. It is expected that use of lower tube current—time product or
tube voltage values in slim patients will further help to reduce patient dose estimates,
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INTRODUCTION

Computed tomographic (CT) coronary angiography has emerged as an attractive noninvasive
diagnostic modality for detecting or ruling out signfficant coronary artery disease. The number
of patients who underge CT coronary angiography is steadily growing, and there is increasing
scrutiny of the radiation dose delivered during this examination (1). Einstein et al {2) recently
demonstrated that radiation exposure from é4-section CT coronary angiography is associated
with a relatively wide variation in lifetime attributable risk of cancer in relation to patient age and
sex. Consideration of radiation issues is particularly warranted in young wormnen, who are the
most vulnerable 1o radiation exposure (2).

State-of-the-art 64-section CT scanners now enable one 1o accurately detect or rule out signifi-
cant coronary artery stenosis in symptomatic patients. The dual-source é4-section CT scanner is
characterized by two acquisition systerms—an x-ray tube systerm and the corresponding detector
systern—with an angular offset of 90°. This scanner design results in a heart rate~independent
temporal resolution of 83 msec (3). Results of relatively recent studies indicate that dual-source
CT coronary angiography has high diagnostic accuracy, with sensitivity ranging from 93% to 100%
and specificity ranging from 82% to 90%, withcut use of additional prescanning B-blockers (4-7).

The dual-scurce CT scanner is equipped with dose-saving algorithms such as adaptive electro-
cardiographic (ECG) pulsing, which, when properly used, can substantially reduce the patient
radiation dose while preserving diagnostic image quality (8). Before performing CT, the opera-
tor can select a time window, or ECG pulsing window, within the cardiac cycle during which
the patient will be fully exposed to radiation (at nominal tube current) and imaging data will be
acquired, while outside of this pulsing window the tube current will be reduced to 209% (stan-
dard protocol} or 4% (optimal protocol) of the neminal value.

The purpose of this study was to evaluate the effects of standard and optimal ECG pulsing on
patient dose and diagnostic performance in a symptomatic patient population. We also sought
1o obtain quantitative estimates of cancer risk for this population according to the internationally
accepted International Commission on Radiological Protection (JCRP) recommendations (9)
and the Biological Effects of lonizing Radiation (BEIR} VIl approach (10).

MATERIALS AND METHODS

STUDY PGPULATICN

Between April 2006 and September 2008, 789 patients referred for invasive diagnostic coro-
nary angiography were screened for CT coronary angiography (Fig 1). Only those patients
with a sinus rhythm were included. Exclusion criteria were substantial renal dysfunction (serum
creatinine level > |20 mmol/ml, n = 27), known allergy to contrast material (n = 8), previous
percutanecus (n = 144 or surgical (n = 98) revascularization, and violation of scanning proto-
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examination was estimated by using patient age, patient sex, and organ-specific lifetime attribut-
able risks (10). Risks were estimated for 50-, 60-, and 70-year-old men and women, who were
representative of the patients examined in this study.

STATISTICAL ANALYSES

Continuous variables were expressed as means = standard deviations, and categorical charac-
teristics were expressed as numbers and percentages. Differences in continuous and categori-
cal variables between the patierts scanned with standard ECG pulsing and those scanned with
optimal ECG pulsing were calculated by using the Student t test and the Mann-Whitney U
test, respectively. The diagnostic performance of CT coronary angiography in the detection of
significant coronary artery stenosis, with the quantitative coronary artery algorithm as the refer-
ence standard, was reported in terms of sensitivity, specificity, positive and negative predicive
values, and positive and negative likelihood ratios (with corresponding 5% confidence inter-
vals), CT coronary angiography was compared with the quantitative coronary artery algorithm
on a patient-by-patient basis (no stenosis or any significant stenosis per patient). Inter- and
intraobserver variability in the detection of significant coronary artery stenosis was calculated by
using statistics. To determine intraobserver variability, one observer (A.CW., 4 or more years
experience in CT coronary angiography) evaluated 130 (30%) of the 436 CT data sets twice,
with an interval of 4 weeks between the two evaluations,

The data were clusterad, implying that potential correlations existed between the multiple (n
= |7) segments analyzed in each patient. To adjust for the clustered nature of the data, we
used a bootstrap approach for the analyses. We obtained a total of 1000 replications by sam-
pling segments (with replacement), with the patient as cluster (14,15). Results were reported
in accordance with STARD (Standards for Reporting of Dlagnostic Accuracy) criteria {16). The
statistical analyses were performed by using SPSS, version 2.1 (SPSS, Chicago, lll}, and Stata,
version SE 8.2 (Stata, College Station, Tex), software,

RESULTS

Patient and CT scanning characteristics are listed in Table {. We found no significant difference
in age between the male and fernale patients (P = 0.26).

DracNOosSTIC PERFORMANCE

The diagnostic performance of CT coronary anglography in the detection of significant coronary
artery stenosis at patient-by-patient analysis is detailed in Tabie 2. Values for inter- and intra-
observer variability in the detection of significant stenosis on a per-patient basis were 0.90 and
0.95, respectively, with consensus reading performed owing to disagreements regarding eight
patients. Agreement analysis to investigate the effect of the clustered nature of the data revealed
practically identical results, which indicated a negligible correlation between observations within
each patient. Per-segment analysis findings were confirmed with bootstrap analysis. We ob-
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reductions in mean effective dose (1.5%) and additional cancer risk estimates were not sig-
nificart (P = 0.05),

The mean age for our study population was 61.6 years = 10.6. The effects of standard and
optimal ECG pulsing, as compared with a nonpulsing protecol, on whole-body lifetime at-
tributable risk of cancer incidence and mortality (based on BEIR VIl approach} in 50-, 60-, and
70-year-old male and female patients are shown in Figure 4.

DISCUSSION

The rapid increase in multidetector CT examinations performed in patients with heart conditions
has raised concern about the increasing radiation exposure to patierts. Athough we are con-
cerned because CT coronary angiography is associated with an additional risk of cancer, our per-
ception of risk is not quanitified (1 7). The cancer risk estimates reported in our study were derived
from the ICRP recommendations and the BEIR VIl approach. These models may be subject to
criticism, but they are internationally recognized approaches to estimating risk of cancer induced
from radiation exposure (2). Application of the BEIR VIl model indicates that in our population,
the cancer risk was relatively low for male patients compared with the general ICRF estimate. For
female patients, the risk approximately doubles because of the direct irradiation of the sensitive
femnale breast tissue in CT coronary anglography. However, our study population was relatively
old (mean age, 1.6 vears): [t comprised only three female patients younger than 35 years, These
factors indicate that CT coronary angicgraphy is not regularly performed in young women.

In a previous study, the optimal ECG pulsing windows and expected dose reduction were theo-
retically calculated on the basis of image quality assessment (12). In the current study, we pro-
spectively validated the effects of optimal ECG pulsing windows on diagnostic performance, radia~
tion dose, and cancer risk, The dose reduction achieved (up to 55%) was somewhat lower than
the expected dose reduction based on theoretic calculations (up to 659%) because the adaptive
ECG pulsing sequence reacts to sudden changes in the R-R interval {eg, occurrence of a pre-
mature beat) with a change in tube current modulation during the successive heart beats. This
allows the operator to reconstruct additional data sets and improve image quality and diagnostic
performance at the cost of a higher radiation dose. With use of the linear no-threshold model of
the BEIR IV approach, the percentage cancer risk reduction equals the percentage dose reduction
achieved. The absolute risk itself depends on the patient’s age and sex. Because relatively yvoung
female patients have the highest risk, the effect of dose reduction is expected to be relatively large
in this subgroup.

In our study, we achieved favorable results in a real-world symptomatic patient population while
oreserving diagnostic performance. To put our results in perspective, it is important to note that
the additional radiation-induced cancer risk that we calculated was substantially lower than the
reported 23 overall fifetime risk of cancer {18).
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Our results reflect the estimated doses and diagnostic performance with a dual-source C7
scanner and are therefore vendor, scanner, and protocol specific. In one study involving the use
of a single-source é4-section CT scanner with a relatively slow tzble feed (pitch, 0.16-0.22),
a mean effective dose of 20.0 mSv = 3.5 was reportecly delivered with use of ECG pulsing
(26). Hausleiter et al {27) reported an overall mean radiation dose of 9.4 mSv = 1.0 that was
delivered by using conventional single-source 64-section CT scanners with ECG pulsing. This
dose is reasonably comparable to the mean dose of 10.7 mSv £ 3.6 delivered to the patients
scanned with optimal ECG pulsing at dual-scurce CT coronary angicgraphy in our study.

In our study, all patients were scanned with use of retrospective ECG gating and hence were
exposed to some level of radiation during the CT angiographic examination. The use of ret-
rospective ECG gating, however, enabled us to study the effect of optimal ECG pulsing on
patients with various heart rates without administering a prescan B-blocker. Despite significant
reductions in the mean effective dose to patients with low and high heart rates (9.6 mSv and
6.6 mSy, respectively), the doses to patients with intermediate heart rates remained relatively
high (13.2 mSv). Thus, the use of prescan p-blockers to lower the heart rate to 65 or fewer
beats per minute seems justified for patients with intermediate heart rates and the consequent
overall dose of less than 10 mSv delivered to all patients, Alternatively, prospective ECG 1trig-
gering or the step-and-shoot scanning mode (28-3 1) can be used in multisection CT coronary
angiography: The table is stationary during data acguisition; then it moves 1o the new starting
position for the next x-ray beam rotation. The generation of x-rays is stopped between two
consecutive scan acquisitions. To date, this low-dose {1-5 mSv} sequential scanning technigue
can be applied safely in only those patients with low and regular heart rhythrms, Compared with
spiral CT, however, step-and-shoot CT Is more susceptible to heart irregularities and sudden
increases in heart rate and generally requires repeat scanning in these patients. Furthermore,
the repeat scanning is performed at the expense of an overall higher dose and requires a sec-
ond injection of iodinated contrast material,
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INTRODUCTION

Spiral CT coronary anglography (CTCA) has emerged as a non-invasive diagnostic modality that
reliably excludes the presence of significant coronary artery disease (1, 2).

Dual-source CT scanners are equipped with 2 X-ray sources and provide a heart rate indepen-
dent temporal resclution of 83 ms. Such improved temporal resolution may allow more reli-
able detection or exclusion of significant coronary artery stencsis in patients with fast or irregular
heart rates. However, the radiation exposure associated with spiral CT is relatively high (3-5).

ECG-controlled X-ray tube current modulation or 'ECG-pulsing” has been introduced as an ef-
fective tool to reduce radiation exposure up to 50% in spiral CTCA (6, 7). The first generation
ECG-pulsing algorithms were not standard used because the occurrence of a single premature
beat could result in non-diagnostic image quality due to incorrect timing of the high X-ray tube
output. Currently available ECG-pulsing algorithms are able to detect ectopic heart beats and
the Xeray tube current modulation is automatically switched off until the heart rate is stable
again. Such adaptive ECG-pulsing algorithms in spiral CT are designed to maintain diagnostic
image quality in arrhythmic patients since the continuous high X-ray tube cutput allows flexible
selection of the desired reconstruction phase throughout the R-R interval. However, image
quality is only maintained at the cost of higher radiation exposure (8).

The purpose of this study was 1o determine the impact of heart rate frequency (HRF) and heart
rate variability (HRV) on radiation exposure and image quality in a large cohort of patients un-
dergoing Dual-source CTCA with adaptive ECG-pulsing. In addition, we evaluated the impact
of HRF and HRV on the diagnostic performance of Dual-source CTCA to detect or rule out
significant stenoses in a subgroup of patients who underweant additionally conventional coronary
anglography (CCA).

MATERIAL AND METHODS

STuDY POPULATION

During a period from April 2006 to October 2008, 1143 consecutive symptomatic patients
with suspected or known coronary artery disease were eligible for inclusion in the study (Figure
I}. Excluded were patients with previous surgical revascularization {n=103) and with atrial
fibrillation with a fast ventricular response {n==6). CTCA-specific exclusion criteria were known
allergy to lodinated contrast material (n=12) and impaired renal function (serum creatinine
> 120 pmold) (n=35). Thus, the study population comprised 927 patients (600 men; 327
women, mean age 60.3x 1.0 years)., The institutional review board approved the study and
all patients gave informed consent.
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ence of significant stenoses using axial source images, as well as multiplanar or curved reformat-
ted reconstructions and maximum intensity projections, Stencses were visually classified into
significant (=50% lumen diameter reduction) or non-significant (< 50% reduction). Segments
distal to a chronic total occlusion were excluded. An intention to diagnose design was used: all
scanned patients including alt segments were analyzed even if the image quality was impaired.
Interobserver disagreements were resolved by consensus in a joint session.

CLASSIFICATION ACCORDING TO HEART RATE FREQUENCY

AND VARIABILITY

Patierts were categorized into 3 HRF groups: low (<65 bpmy}, intermediate (66-79 bprm) and
high (280 bpm). The absolute difference between two consecutive heart beats was recorded
during CTCA. HRY was defined as the sum of these absolute differences divided by the num-
ber of heart beats and expressed as mean interbeat difference (IBD, Figure 3). Patients were
categorized into 4 HRV groups: normal (0-1 IBD), minor (2-3 IBD), moderate (4-10 1BD) and
severe (> |0 [BD).

Figure 3. Schematic Hlustration of Heart rate Variability (MRV) Assessment.

45 I 65 68
X4 A28 Paxi

The absolute difference (AA) between two consecutive heart beats was recorded. HRY was expressed as mean
interbeat difference (IBD) defined as the sum of these absolute differences (3+0-+60+80+20+3) divided by
the number of heart beats during CTCA{7) = 448 /7 = 23

68 65 65 125

A3 AD B0

SUBANALYSIS ACCORDING TO AGATSTON SCORE
A subanalysis on diagnostic performance in patients with fow (= |00 Agatston score) and high
(> [00 Agatston score) was performed and sensitivity, specificity, and positive and negative
predictive values among HRF groups and HRY groups were calculated.

RADIATION EXPOSURE

The radiation exposure for Dual-source CTCA was quantified by the CTDlvol values obtzined
from the CT scanner console. The CTDMvol estimates the average dose within the scanned
volume based on a standardized phantom (1 2) and takes the influence of both the ECG-pulsing
and the pitch on the dose into account. In order to study solely the effect of ECG-pulsing on the
dose, the CTDlw values were calculated [CTDhw = CTDlvol x pitchl, which are a measure for
radiation dose independent of pitch.

STATISTICAL ANALYSIS

The statistical analyses were performed using SPSS5 (version 2.1 SPSS Inc., Chicago, I, USA)
and STATA (SE 8.2, College Station, Texas, USA).
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scan mode in patients with arrhythmias and or fast HRR Particularly, spiral CTCA can be used
as an alternative to the SAS CTCA in patients with contraindications to administration of beta-
blockers (2.g. overt heart failure) or in patients with insufficient decrease of HRF (<65 bpm)
despite the use of pre-scan beta-blockers.

LIMITATIONS

In our study, arrhythmic patients were not excluded from CTCA with the exception of a small
number (n=6} of patients with atrial fibrillation with fast ventricle response and inclusion of
these patients would most likely resuft in a lower diagnostic performance of dual-source CTCA.
We believe that dual-source CTCA is not yet ready for dlinical use in these specific patients,
because of the occurrence of severe motion artifacts despite the improved temporal resolution
of dual-source CT scanners. Future developments such as complete data acquisition during a
single heart beat combined with a further increase in temporal resolution of e.g. 25 ms may re-
sultin a true heart rate independent image acquisition, even in patlents with severe arrhythmia.

CONCLUSION

The use of adaptive ECG pulsing at Dual-source spiral CT coronary angiography provides di-
agnostic image quality and relizble detection and rule out of obstructive coronary artery disease
independent of heart rate frequency or heart rate variability at the cost of a limited dose reduc-
tion in arrhythmic patients.
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Based on the above considerations and in agreement with the guidelines, a frequently used
diagnostic algorithm is presented (Figure |). This aigorithm is an oversimplification of the some-
times complex clinical situation of patients presenting with stable angina and follows 3 steps:
I} pretest probability assessment 2) selection of a diagnostic test and 3) subsequent patient
management. The pretest probability of the presence of obstructive CAD can be estimated
using prediction score algorithms devised by Diamond and Ferrester or Duke Clinical Score
using the variables from the clinical evaluation (2, 10). There is no consensus as o the exact
range of pretest likelihood dassification into low, intermediate or high pratest risk, and we have
chasen for a very low (< 5%), low {5-10%), intermediate (| 0-90%), and high (>90%) pretest
risk (1)

Cardiac diagnostic tests reveal the presence of myocardial ischemia shown as presence of elec-
trocardiographic ST segment depression, myccardial perfusion defects or induced wall motion
abnormalities. The ischemic cascade demonstrates the sequence of abnormalities that occur
during ischernia (Figure 2). Perfusion abnormalities are the earliest manifestation of coronary
ischemia that can be detected by highly sensitive tests such as SPECT/MRI/contrast echocar-
diography, followed by systolic dysfunction and assodiated stress-induced motion abnormalities,
then ECG abnormalities as a fater manifestation of ischemia and finally angina (1 2). The diagnos-
tic accuracy of the various tests is summarized in Table 1.

The posttest probability of CAD depends on the pretest risk and the sensitivity and specificity
of the test (2, 10}. The selection of a test depends predominately on the diagnostic accuracy of
the test, but also other factors may play a role including safety, costs, availability, patient’s conve-
nience and the use of radiation, No test is perfect and the goal of a test is to provide a level of
certainty indicating the presence or absence of CAD (Rigure 3). The level of certainty is arbitrary
and depends on the estimated prognosis of patients with a “missed” diagnosis or whether ad-
ditional testing is able to further improve the level of certainty allowing better patient decision
rmanagement. Thus, a test may serve as a gatekeeper for additional testing, while a functional
test also may be useful to make a dedsion regarding medical or revascularization treatrment, At
the very low end of the likelihood spectrum no testing is required. Patients with low pretest
probability may undergo the inexpensive, widely available bicycle ECG stress test. Patients with
intermediate pretest probability are referred for functional testing to assess the presence and
extent of myocardial ischemia to guide decisicn for medical treatment. Patients at high risk do
not require testing 1o confirm the presence of the high likelihood of CAD but require testing to
assess the extent of ischemia to guide the decision for revascularization.

Patient managemert following dlinical evaluation, pretest risk classification and outcome of se-
lected testing is based on the presence of modifiable (smoking, obesity, exercise) or treatable
risk factors (blood pressure, chelesterol, glucose), on the presence of mild to moderate extent
of ischemia requiring medical treatment or large extent of ischemia where revascularization has
shown to reduce the extent of ischemia and improve prognosis {13, [ 4).
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Figure 4. Alternative Diagnostic Algorithm.
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* If risk factor diabetes or hypertension present, patients are categorized to high pretest probability category.
CCS: coronary calcium score (expressed as Agatston Score), CTCA: computed tomography coranary angi-
ography, ICA: invasive coronary angiography, RCA: right coronary artery, Cx: left circumflex artery, LM: left
main, LAD: left anterior descending artery, 3-VD: 3-vessel disease, [schemic testing includes stress myocardial
perfusion imaging: SPECT or single photon emission computed tomography [relative flow], PET or positron
emission tomography [absolute flow], MRI or magnetic resonance imaging [flow reserve]; stress echocardiog-
raphy [wall motion]

ROLE OF MULTI-SLICE COMPUTED TOMOGRAPHY
IN THE DIAGNOSIS AND MANAGEMENT OF
PATIENTS WITH STABLE ANGINA

So far, non-invasive tests, assessing the presence of coronary obstructions were based upon
the detection of myocardial ischemia caused by corcnary flow limiting stencsis. These tests
were predominately used as “gatekeeper” for invasive coronary angiography, the anatomical
counterpart of myocardial perfusion abnormalities, because invasive coronary angiography is
expensive, patient-unfriendly and in few cases associated with complications {1 5).

The introduction of CTCA may cause a shift in the current paradigm of the diagnostic work-up
of patients with stable angina, because the non-invasive nature of this imaging modality may
decrease the threshold to refer patients to establish the anatomical presence of coronary ath-
erosclerotic obstruction (Figure 4).

The presence of coronary caldium, as assessed by non-contrast enhanced CT, is a marker of
the presence of coronary atherosclerosis (1), but its presence does not necessarily imply the
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Coronary caicifications cause blooming artefacts of coronary calcific lesions which either ob-
scure adequate evaluation of the underlying corcnary lumen or induce an overestimation of the
severity of a coronary obstruction. Both problems result in limitations of the diagnostic perfor-
mance of CTCA and even the introduction of newly developed CT-technology with improved
spatial resolution or use of dual-energy CT may not fully reduce this problem.

The spatial and temporal resolution of current CT technology falls short of the resolution ob-
tained with invasive coronary angiography. This becomes particularly apparent in the diagnostic
performance of smaller parts of the coronary tree, distal segments and side branches, where
the sensitivity is approximately 79% as cormpared to over 90% in the proximal and mid coro-
nary segments (26}, Motion artefacts, in particular in the RCA, are still present due to limited
temporal resolution of CTCA,

The combination of calcifications and limited resolution results in a rather high number of false
positive autcomes, which become predominantly apparent when the diagnostic accuracy is
calculated on a segmeni-based analysis (Table 3) and therefore as of yet cannot replace invasive
coronary angiography, which requires precise anatomical delineation of coronary cbstructions
prior to PCl or CABG.

New CT technology with faster and more sensitive detectors using gemstone technology, and
introduction of iterative reconstruction algorithms may further improve spatial resolution. Dual
energy CT may be helpful to more precisely characterize plague componenits (27) and tempo-
ral resolution may be further improved by building CT configurations with more X-ray tubes.

The unpredictability of the hemodynamic significance of CT intermediate coromary lesions
raises issues as to the referral for coronary revascularization (PCl or CABG) which is deemed
necessary if there is objective evidence of moderate to severe myocardial ischemia (28, 29).
Therefore it is recommendead to perform a myocardial perfusion challenge following a CT
scan with an intermediate lesion, Hybrid imaging with PET-CT and SPECT-CT integrating both
functional and anatomic information has, in a few preliminary studies, shown that this ylelds a
better diagnostic performance than stand-alone CT, SPECT or PET (30-33).

The radiation exposure, and the assodiated increased lifetime risk of cancer and mortality,
in particular in younger individuals and women, is of concern (34, 35). Increased awareness
among radiclogists, cardiologists and technicians should reduce the radiation exposure by us-
ing the nawest CT-technology which allows tailored CT protocels with use of prospective CT
scanning (36, 37), Unnecessary CT scanning must be avoided. Institution of these measures has
significantly reduced the effective dose to less than 4 mSv and with the use of the latest Flash
CT-scanner to approximately 1 mSv (38).

The use of 320-row CT scanner, allowing whole-heart imaging in one heart beat, may resclve
arrhythmia issues, and result in motion-free coronary imaging (39, 40).
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Despite the abovementicned limitations, CTCA offers important new additional information
compared to traditional luminology including;

I} distinction between non-obstructive and obstructive coronary stenosis
2) differentation of coronary plague cemposition into noncalcified, mixed and calcified plague.
3} distribution of coronary plaque throughout the coronary tree.

Plagque extent, location and composition are independent predictors of objective ischemia and
may represent prognostic cardiovascular risk markers (6,7}, With the advent of low-dose scan
protocols, CTCA has become more acceptable in asymptomatic at-risk populations and its
potential for early risk stratification is currently under investigation. Preliminary data indicate that
CTCA has incremental value, independent of age, gender, conventional risk factors and coro-
nary calcium scoring, over the Framingham Risk Score in the prediction of major cardiac events,
cardiac mortality and all-cause mortality (8,9, 10,1 1), Notably, a negative CTCA indicates a very
low risk of death at short-term follow-up {1 G, | ). There is early evidence that serial CTCA may
effectively monitor cardiovascular therapy in high risk asymptomatic patients (4). It is likely that
the use of CTCA will continue to expand, particularly in asymptomatic patients with a high likefi-
hood of CAD that can, so far, only noninvasively be detected or excduded by CTCA and may
by serial CT imaging provide insights into the natural history of coronary artery atherosclerosis.
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of <3 mm, specificity was low (649). This study showed that in patients with recurrent chest
pain after stent implantation, dual-source CTCA performs well in the detection of in-stent
restenosis, Stent diameter was a strong predictor for diagnostic performance, with higher false
positive findings in the evaiuation of sraller sterts. The high NPV allows reliable rule out of in-
stent restencsis irrespective of stent size.

CLINICAL APPLICATION OF CT CORONARY
ANGIOGRAPHY (PART 3)

CHAPTER 6

We compared the diagnostic performance of exercise bicycle testing with CTCA in 334 stable
patients, and single-photon emission computed torography (SPECT) with CTCA in 61 stable
patients for the detection of obstructive CAD. The diagnostic performance of exerdcise bicydle
testing was significantly lower, compared to CTCA: sensitivity of 76% vs. |00%,; specificity
of 479 vs. 74%; positive prediciive value 70% vs. 91%; and negative predictive value 30%
vs. 99%. In patients who underwent SPECT, a significant difference was found for sensitivity,
but not for specificity between SPECT and CTCA. Sensitivity was 899% and 98% for SPECT
and CTCA, respeciively. Specificity was 77% and 82% for SPECT and CTCA, respectively. In
conclusion, SPECT and é4-slice CTCA yielded high diagnostic performance and are superior to
traditional exercise bicycle testing for the detection and rule out of obstructive CAD in patients
with stable angina.

CHAPTER 7

The dlinicat utility of a test does not only depend on its diagnostic accuracy, but also on whethar
the probability of disease after testing imiproves clear clinical decision making. Because the diag-
nostic accuracy of a test may differ from its clinical utility in patients with various pretest prob-
abilities of CAD, we examined both stress testing and CTCA in patients with low, intermediate,
and high pretest probabillities of CAD. Our findings suggest that an initial stress test might be
considered as a first-line test in patients with a low pretest probability of disease, because stress
testing is safe, widely available, inexpensive, and-—unlike CTCA—does not use ionizing radia-
tion. CTCA was a refiable first-line diagnostic test in patients with an intermediate pretest prob-
ability because, unlike stress testing, CTCA yielded sufficient certainty in patients In this group to
stop testing or proceed with |CA. In the high pretest probability group, the Duke dinical score
provided sufficient certainty (>%0%) to proceed with ICA without further noninvasive testing.
However, patients in this group ofien require revascularization, and functional stress testing
may therefore still be useful to provide objective evidence of ischemia before revascularization,
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CHAPTER 11

Adaptive ECG-pulsing algorithms are able to detect ectopic heart beats and the X-ray tube
current modulation is automatically switched off until the heart rate is stable again. Such adap-
tive ECG-pulsing algorithms in spiral CT are designed to maintain diagnostic image quality in
arrhythmic patients. We evaluated the impact of heart rate frequency (HRF) and heart rate
variability {HRV) on radiation exposure, image quality and diagnostic performance in a large co-
hort of patients undergoing dual-source CTCA using adaptive ECG-pulsing. Radiation exposure
was significantly higher in patients with low compared to high HRE and in patients with severe
compared to normal HRV. Ne significant differences among HRF and HRY groups in image
quality and diagnostic performance were found. We cbserved a trend towards a lower specific-
ity (919 vs. 969) and positive predictive value (829 vs. 98%) in patients with a high HRF or
severe HRV as compared to low HRF or normal HRY in patients with a low calcium score.

CURRENT AND FUTURE PERSPECTIVE ON CT
CORONARY ANGIOGGRAPHY (PART 5}

CHAPTER 12

Based on dinical experience and performed studies, an alternative diagnostic testing algorithm
using CTCA for the management of stable angina is presented taken inte account the pretest
probabiiity of CAD and diagnostic performance of available dizgnostic tests.

CHAPTER 13

Future directions of CTCA are discussed.
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angiografie, in relatie tot het invasief coronair angicgram, eerder als complementaire dan als
vervangende test moet worden beschouwd bij symptomatische patiénten na coronair bypass
chirurgie. Het invasief coronair angiogram dient als primaire diagnostische test om significante
vernauwingen in de natieve coronairen aan te tonen dan wel uit te sluiten,

HooFDsTuk 5

De beoordeling van in-stent re-stencse met behulp van CT corcnair angiografie kan een uitda-
gende opgave zijn. Metalen stents bestaan grotendeels uit structuren met een hoge dichtheid
die gesuperponeerd op het lumen worden afgebeeld, Wij onderzochten de diagnostische ac-
curaatheid van dual-source CT coronair anglografie voor het zantonen van in-stent re-stenose
bij symptomatische patiénten voorafgaande aan een diagnostisch coronair angiogram. De sen-
sitivitelt, specificitelt, positieve en negatieve predictieve waarde voor de beoordeling van alle
soorten stents was respectievelijk 3496, 92%, 77% and 98%. De spedificiteit was lager {64%)
in stents met een diameter < 3mm. Deze resultaten toonde aan dat met behulp van CT coro-
nair angiografie in-stent re-stencse met hoge accuraatheid kan worden aangetoond bij patién-
ten et terugkerende pijin op de borst na stenting. De diameter van de stent bleek van invioed
te zijn op de diagnostische accuraatheid, waarbij een groter aantal vals positieve bevindingen
werd waargenomen bij evaluatie van kleine stents. De negatief voorspellende waarde voor het
uitsluiten van in-stent re-stenose was onathankelijk van de stent diameter.

KLINISCHE TOEPASSING VAN CT
CORONAIR ANGIOGRAFIE (DEEL 3)

HoGFDSTUK B

De diagnostische accuraatheid van CT coronair angiografie werd vergeleken met de traditi-
onele fietsproef bij 334 stabiele patiénten | en met single-photon emission computed tome-
graphy (SPECT) bij 61 stabiele patiénten, voor het opsporen van significante vernauwingen in
de kransslagvaten. De diagnostische accuraatheid van de fietsproef was significant lager dan
van CT coronair angiografie: sensitiviteit van 76% versus 1009, specificiteit van 47% versus
74%; positief voorspellende waarde van 709 versus 91 95; negatief voorspellende waarde van
309 versus 99%. Er was een statistisch significant verschil in sensitiviteit tussen SPECT and CT
corcnair angiografle. maar niet in specificiteit. De sensitivitelt was respectievelik 89% and 98%
voor SPECT and CT coronair angiografie. De spedificity was respectievelijk 77% and 82% voor
SPECT and CT coronair angiografie. Wij observeerden een hoge diagnostische accuraatheid
van zowel SPECT and é4-slice CT coronair angiografie, die superieur bleek aan die van de
fietsproef, voor het aantonen dan wel uitsluiten van onderliggend obstructief coronair lijden bij
patiénten met stabiele angina pectoris.

HOGFDSTUK 7
De toetsing van een test op basis van diagnostische accuraatheid is belangrijk, echter de klini-
sche toepassing van een test wordt tevens bepaald door het effect van een positieve of nega-
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sing kon de stralingsdosis aanzienlijk (tot 41%) worden verlaagd met behoud van diagnostische
beeldkwaliteit, in het bijzonder bij patiénten met een lage of hoge hartfrequentie. Een verdere
verlaging in stralingsdosis, van respectievelik 38%, 9% and 419% bi] patiénten met lage, inter-
mediaire en hoge hartslagirequenties, bleek mogelijk door verlaging var de buisstroom (4% in
plaats van 20%) buiten het ECG-pulsing interval.

HoorFDSTUK 10

Wij evalueerden het effect van de toepassing van standaard en optimale-ECG pulsing op de
diagnostische accuraatheid van CT coronair anglografie voor het detecteren van significante
kransslagvat vernauwingen, stralingsdosis en gerelateerd kanker risico bij 436 symptomatische
patiénten. Het gebruik van optimale ECG-pulsing versus geen ECG-pulsing resulteerde in een
verlaging van de effectieve dosis en kanker risicc met 43%. Het gebruik van optimale ECG-
oulsing versus standaard ECG-pulsing resulieerde in een verlaging van de effectieve dosis en
kanker risico met 25%. De toepassing van optimale ECG-pulsing had geen effect op de diag-
nostische accuraatheid van CT coronair angiografie voor het detecteren van significante vernau-
ngen.

HooFpsTUuKk 11

Adaptieve ECG-pulsing algoritmes zijn in staat om onregelmatigheden in het hartritme te detec-
teren. De ECG-puking wordt automatisch uitgeschakeld bij bijvoorbeeld ectopische hartslagen
totdat het ritme weer gestabiliseerd is. Dit adaptieve ECG-pulsing algoritre is ontwikkeld voor
het behoud van diagnostische beeldkwaliteit in spiraal CT coronair anglografie bij patiénten
met een onregelmatig hartritme. Wij evalueerden het effect van de hartslagfrequentie en hart-
slagvariabiliteit op de stralingsdosis, beeldiowaliteit en diagnostische accuraatheid van spiraal CT
coronalr angiografie bij toepassing van adaptieve ECG-pulsing. De stralingsdosis was significant
hoger bij patiénien met een lage versus een hoge hartslagirequentie, en in patiénten met een
ernstige versus een normale harislagvariabiliteit. De beeldkwaliteit en diagnostische accuraat-
heid waren onafhankelik van de hartslagfrequentie en hartslagvariabiliteit. We observeerden
een trend bij patiénten met een lage CT kalkscore waarbij een lagere spedificitet (36% vs.
91%} en positief voorspellende waarde (98% vs. 82%) waarneembaar was in patiénten met
een hoge hartslagfrequentie of emnstige hartslagvariabiliteit in vergeliking met patiénten met een
lage hartslagirequentie of normale hartslagvariabiliteit.

HUIDIGE EN TOEKOMSTIGE ROL VAN
CT CORONAIR ANGIOGRAFIE

HooFnsTuk 12

The rol van CT coronair angiografie binnen de diagnosesteliing en beleidsbehandeling van pa-
tiénten met stabiele angina pectoris is een actuee! onderwerp van klinisch onderzoek. Een
voorstel voor een nieuw algoritme met CT coronair angiografie als alternatieve diagnostische
test wordt gepresenteerd en tekortkomingen van CT coronair angiografie worden besproken.
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