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Introductio
and thesis
outline
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therosclerosis is the number
one cause of mortality in Western coun-
tries [1, 2]. Atherosclerosis is a progressive
systemic disorder affecting large and me-
dium-sized arteries. Although the athero-
sclerotic process starts in the 2nd and 3rd
decades of life, symptoms do not usually
occur during these early stages of disease.
Decades later, when an atherosclerotic
plague causes an obstruction at the level
of the coronary arter-
ies which causes sig-
nificant reduction of
the oxygen supply to
the heart, chest pain
may occur. Chronic
chest pain (angina
pectoris) typically oc-
curs during exercise
or emotions when

the higher oxygen

(=
=

formation. As a result, diminished blood
supply due to complete or partial block-
age may cause acute myocardial infarc-

tion or sudden death.

Conventional coronary angiography, in-
troduced in 1959,
technique for the evaluation of the coro-

is still the reference

nary arteries. This technique requires

the puncture of a peripheral artery, the

FIGURE 1 Catheter-based coronary artery imaging. Intravascular ultrasound (A)

demand of the heart

and optical coherence tomography (B) images in a patient with a coronary stent
previously implanted in the left anterior descending artery show in-stent reste-
nosis (asterisks). Arrows = stent struts. T = transducer; L = vessel lumen.

is not matched by

an increased supply. Chronic chest pain
is relieved by a short period of rest or by
the administration of nitrates. Advanced
atherosclerotic lesions (e.g., plaques with
a large necrotic core and a thin fibrous

cap) may also rupture causing thrombus

advancement of a catheter towards the
heart and selective injection of contrast
agent into the coronary arteries. During
this procedure, conventional x-ray images
are obtained which display the lumen of

coronary arteries. Catheter-based tech-



niques can be applied to determine the
haemodynamic significance of coronary
lesions (e.g., coronary flow velocity and
pressure gradient measurement) and to
assess the morphology of the vessel wall
(e.g., intravascular ultrasound and optical
coherence tomography - figure 1). Con-
ventional angiography is however a costly
technique and is associated with a small
but not negligible risk of procedure-related
complications [3, 4]. This prompted the
development of techniques for the non-in-

vasive visualization of coronary arteries.

Non-invasive imaging of the coronary ar-
teries is technically very demanding. The
lumen of clinically important coronary
branches can be very small (2-4 mm)
requiring a high spatial resolution. Heart
contraction and breathing may cause sig-
nificant motion artifacts which may be im-
proved by the use of high temporal reso-
lution techniques. Moreover, there needs
to be synchronization of data acquisition
with the electrocardiogram (ECG) in order
to identify the phase of the cardiac cycle
with the least amount of motion.

Several imaging modalities can be used
to image coronary arteries non-invasively,
e.g., electron-beam computed tomogra-
phy (EBCT), magnetic resonance imaging
(MRI) and multislice computed tomog-
raphy (MSCT). Computed tomography
(CT) was developed in the early ‘70 by G.
Hounsfield and A. M. Mc Cormack, who

General introduction

were awarded the Nobel Prize in 1979.
EBCT was the first CT scanner dedicated
to cardiac imaging. EBCT has a high tem-
poral resolution but a limited spatial reso-
lution along the patient’s longitudinal axis,
which makes this technique suboptimal for
the visualization of coronary arteries. Sim-
ilarly, MRI has a high temporal resolution,
but with current technology this modality is
associated with relatively long acquisition
times and limited spatial resolution. The
feasibility of coronary artery imaging with
CT depended on several further develop-
ments of the technology: spiral or helical
CT was introduced in the early ‘90 by W.A.
Kalender, which permitted to scan extend-
ed body regions in short times. MSCT was
introduced in 1998 allowing acquisition of
multiple cross sections in one gantry rota-
tion. The first generation of MSCT scan-
ner with spatial and temporal resolutions
suitable for imaging coronary arteries was
capable of acquiring 4 slices simultane-
ously (4-MSCT) [5]. From that moment,
MSCT evolved at an extraordinary speed
[6-8] with the introduction of 16-MSCT
(2002), 64-MSCT (2004), dual source CT
(2006), 128- and 256-MSCT (2007) and
320-MSCT (2008).

This thesis will focus on 64-MSCT and
dual source CT, which require a single
breath hold of approximately 12 seconds
and <10 seconds, respectively, to scan
the entire heart. These scanners have a

spatial resolution of 0.4 mm in all direc-
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tions and a temporal resolution which is
sufficient to visualize the entire coronary
tree in patients with heart rates <65-70
beats/minute. Patients with higher heart
rates receive oral or intravenous B-block-
ers to lower the heart rate thus minimizing
the occurrence of motion artifacts. Dual
source CT, with two x-ray tubes placed in
the CT gantry, has an improved temporal
resolution and provides images of excel-
lent quality even at heart rates >70 beats/
minutes, which obviates the need of ad-

ministering B-blockers before the scan.

MSCT visualizes the coronary artery lu-
men and wall, and provides information
regarding several manifestations of coro-
nary atherosclerosis, e.g., luminal nar-
rowing, coronary artery calcification, non-
calcified plaque, positive wall remodeling
as well as in-stent restenosis and graft pa-
thology. An overview of the technique and
its clinical applications is given in Che1p3=
ter 2. Chapters 3-6 contain stud-
ies related to the technical optimization of

coronary MSCT angiography, in particular

the administration of contrast agent, the
choice of the best pulsing window, and im-
age reconstruction in patients with varying
heart rates during the scan. Chapter 7
focuses on the role played by observer ex-
perience in the diagnostic performance of
MSCT coronary angiography. Chapter
8 introduces the use of coronary MSCT
angiography as a support to magnetically-
assisted coronary intervention. Chapter
9 evaluates prevalence and type of coro-
nary anomalies observed with MSCT-CA.
The diagnostic performance of 64-MSCT
angiography in the detection of coronary
stenosis in comparison to conventional
angiography is discussed in Chapters
10-13. Chapter 14 focuses on the
analysis of coronary artery lesion calci-
fication to improve the ability to predict
underlying significant coronary stenosis.
Finally, Chapters 15-19 emphasize
the difficulties encountered when MSCT is
used for the detection of in-stent resteno-
sis in coronary arteries, or in patients with

bypass grafts.
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ultislice computed tomog-
raphy (MSCT) can be used to image the
heart and coronary arteries non-inva-
sively. Because the heart is in continu-
ous motion, this task is technically very
demanding. Knowledge of the technical
principles of cardiac MSCT and how to
optimize the scan parameters are key in
order to perform successful MSCT stud-
ies of the heart. This chapter
will review the basic principles
of cardiac MSCT. The most
common clinical applications
of this technique will also be

discussed.

Interventional cardiology: principles and
practice. Wiley-Blackwell Ed, Oxford. In press.

computed tomography (DSCT) are con-
sidered state-of-the-art for cardiac MSCT

imaging.

Non contrast-enhanced MSCT scans al-
low visualization of cardiac and coronary
After

injection of iodinated contrast agent,

artery calcification. intravenous
MSCT can delineate cardiac chambers,
great cardiac vessels and coronary arter-

ies (Figure 1).

introduction

The introduction of 4-slice CT
in 2000 was followed by rapid

O 3
FIGURE 1. Axial images provide four-chamber views of the heart
without (A) and with (B) injection of contrast agent. LA: left atrium;
LV: left ventricle; RA: right atrium; RV: right ventricle; void arrow:
right coronary artery; arrow: mild calcification of the mitral valve.

and revolutionary advances in multislice
computed tomography (MSCT) technolo-
gy. Nowadays, 64-MSCT and dual source

14

The evaluation of general cardiac mor-
phology is usually performed by echo-
cardiography and/or magnetic resonance
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imaging (MRI) without the need for con-
trast injection or radiation exposure. Nev-
ertheless, MSCT can be clinically helpful
in a variety of situations, including the
need for cross-sectional imaging in the
event of inconclusive findings at echocar-
diography or in patients with pacemakers
or other devices precluding MRI. Impor-
tantly, the main clinical focus of MSCT in

cardiac imaging is the evaluation of coro-

tial scanning, also known as “step-and-
shoot”, in which the table is advanced
in a step-wise fashion. In this mode, the
X-rays are generated during an imaging
window positioned at a predetermined
offset from the R wave (prospective ECG
triggering; Figure 2, A) while the table
is stationary. The diastolic phase of the
cardiac cycle is usually chosen because

cardiac motion is reduced in diastole.

nary arteries.

Coronary MSCT
Angiography -
Technique

Basic Principles

In MSCT scanners, the X-rays
are generated by an X-ray tube
mounted on a rotating gantry.
The patient is centered within
the bore of the gantry such that
the array of detectors is posi-
tioned to record incident pho-
tons after they have traversed
the patient. MSCT differs from
single detector CT principally by
the design of the detector array,
which allows the acquisition of
multiple adjacent sections si-

multaneously.

MSCT systems have 2 princi-
pal modes of scanning (Figure
2). The first mode is sequen-

Sequential scanning is the current mode
for measuring coronary calcium at most

centers using MSCT.

The second mode is spiral or helical scan-

ning, in which the table moves continu-

Spiral Scanning
(Retrospective ECG-Gating)

Sequential Scanning
(Prospective ECG-Triggering)

Reconstruction
Imaging Pulsing Windows
Window

Window
— prici
60%

— —
Temporal Temporal
Resolution B Resolution

A

FIGURE 2. In sequential scanning, data for one axial slice are acquired,
after which the table is advanced to the next position (A). Sequential
scan protocols use prospective ECG-triggering to synchronize the data
acquisition to the motion of the heart. Based on the measured duration
of previous heart cycles, the scan of one slice is initiated at a pre-speci-
fied moment after the R-wave. Diastole is commonly chosen to ensure
the least motion artifacts, e.g., 60% of the previous R-R interval. Spiral
scanners acquire data continuously and record the patient’s ECG while
the table moves at a constant speed (B). Images are reconstructed using
retrospective ECG-gating. This mode is more flexible to minimize motion
artifacts because reconstruction window can be positioned arbitrarily
within the R-R interval. If X-ray tube modulation is used, the full output
occurs only during an interval of the cardiac cycle (pulsing window)
which can eventually be used for image reconstruction.



ously at a fixed speed relative
to the gantry rotation. The ECG
trace of the patient is recorded

. Gantry
during the scan. After data ac- sl
. e . Tii
quisition, the optimal reconstruc- b
tion window is chosen among
all available time positions to L
emporal
Resolution

minimize motion artifacts (ret-
rospective ECG gating; Figure 2,
B). Spiral scanning is the current
mode for performing coronary
MSCT angiography because it
allows flexibility in the position of

reconstruction windows, which is

DSCT

w

165ms 83ms

—
Reconstruction

—
Reconstruction
A Window B Window

FIGURE 3. Reconstruction of MSCT images uses data acquired over
180°, thus temporal resolution equals half of the gantry rotation time.
Because the shortest gantry rotation time currently achievable by a

64-MSCT scanner is 330ms, the corresponding temporal resolution is

helpful to ensure the least mo-

tion artifacts. However, spiral

scanning is associated with a

165ms. Temporal resolution corresponds to the width of reconstruction
window. In DSCT, two X-ray sources and two corresponding detector
arrays are mounted at an angle of 90°, therefore only 90° rotation is
needed to provide data from 180°. In DSCT, temporal resolution is

equal to a quarter of the gantry rotation time, i.e. 330/4 = 83ms.

higher X-ray radiation exposure
than sequential scanning.

In order to reduce radiation exposure in
spiral scanning, the X-ray tube current
can be modulated prospectively: guided
by the ECG, the full output occurs only
during an interval of the cardiac cycle
which will be used for image reconstruc-
tion (e.g., diastole), whereas the X-ray
output will be reduced during the remain-
ing cardiac cycle (Figure 2, B).

Temporal resolution is the time for acquir-
ing the data needed for the reconstruc-
tion of one image. Temporal resolution
depends primarily on gantry rotation
time. In particular, because reconstruc-

tion of MSCT images requires data ac-

quired over half gantry rotation (180°),
temporal resolution equals half of the
gantry rotation time (Figure 3, A). Tempo-
ral resolution corresponds to the width of
the reconstruction window; MSCT images
display the average cardiac motion over
the reconstruction window. The shortest
gantry rotation time currently achievable
by a 64-MSCT scanner is 330ms and
the corresponding temporal resolution is
therefore 165ms. The latest development
to improve temporal resolution and omit
the need to lower patients’ heart rates by
pre-medication has been the introduction
of MSCT scanners with two X-ray sources

acquiring different projections simultane-
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ously [1]. In dual-source computed to-
mography (DSCT), the two X-ray sources
are mounted at an angle of 90°, therefore
temporal resolution is equal to a quarter
of the gantry rotation time, i.e. 330/4 =
83ms (Figure 3, B and Figure 4).

Bl

HeartRate(bpm) Min: 57 Max 60 Avg: 58 Piiace =
IRECOTN mono 165 ms _ = IOTGITEIECE: PUISIGI20410/6599
8 - 58 . 5 . &0

HeartRate(bpm) Min: 57 Max 60 Avg: 58 Phzse

=l &
RECOTN mono 52 ms I IRIOGINAIECE: PUISIIG 201106595 B1
. 8 - 5 . 5 . 8 . 5 . 58 -

Mt

FIGURE 4. MSCT images display the average cardiac
motion over the reconstruction window. A 165mm-wide
reconstruction window (A1-A3) averages MSCT views
obtained during 180° gantry rotation. This is the recon-
struction algorithm employed in 64-MSCT. An 83mm-wide
reconstruction window (B1-B3) averages MSCT views
obtained (by 2 detector arrays) during 90° gantry rotation.
This is the reconstruction algorithm employed in DSCT.
Reconstruction using 180° data (A2) might improve image
contrast when compared to reconstruction using 90° data
(B2) because more MSCT views are averaged for the
reconstruction of the same image (gross arrow=LAD).
However, a wider reconstruction window worsens temporal
resolution and may cause more blurring (A3) than the
use of the narrowest reconstruction window (B3) (thin
arrow=RCA)

(A full color version of this illustration can be found in the
color section)

Coronary arteries have a diameter of 2-
4mm in their proximal tract and taper dis-
tally, therefore high spatial resolution is
another prerequisite for MSCT coronary
imaging. Spatial resolution of MSCT on
the transverse plane (x, y) is 0.4X0.4mm?
[1]. Spatial resolution along patient’s lon-
gitudinal axis (z-axis) is determined main-
ly by the individual detector width, which
varies between 0.5-0.625mm depend-
ing on the manufacturer. These features
permit reconstruction of high quality im-
ages with similar sub-millimeter resolu-
tion along the x, y, and z axis. Although
catheter angiography has a bi-dimen-
sional spatial resolution of 0.2x0.2mm?,
a major advantage of MSCT over cath-
eter angiography is the ability to perform
multi-planar reconstructed images (see
below). Quality of multi-planar recon-
struction strictly depends on the so-called
“isotropic data”, i.e., datasets where spa-
tial resolution is equal in the x, y and z

directions.

An overview of major image parameters,
patient preparation and contrast adminis-
tration in catheter angiography, 64-MSCT
and DSCT is given in Table 1.

Contrast Enhancement

Good contrast enhancement in coronary
arteries is essential for the detection of
atherosclerotic changes and luminal ste-
nosis. An iodine flow in the range from
1.2-2g/s is recommended [2]. This can



TABLE 1. Overview of image parameters, patient preparation and contrast administration

Catheter

Angiography

Spatial resolution 0.2x0.2mm?
Temporal resolution 8ms
Preparation
L]
beta-blockers no .
nitroglycerine intracoronary
80-100ml
Contrast .
intracoronary

be achieved by either injecting low-con-
centration contrast material at high flow
rates or by injection of high concentration
contrast material at lower flow rates. How-
ever, it is standard practice to inject con-
trast agent at rates of at least 5ml/s. Total
contrast volume is determined by contrast
injection rate multiplied by the scan time
required to cover the heart. Typical injec-

tion volumes are in the range 60-100ml.

Dual injection, i.e., iodinated contrast fol-
lowed by saline (30-50ml) is recommend-
ed for MSCT of the heart. Saline is helpful
to avoid dense opacification of the right

cardiac chambers and consequent arti-

64-MSCT DSCT
0.4x0.4x0.4mm3 0.4x0.4x0.4mm3
165ms 83ms
if heart rate =65 beats/
min, metoprolol 100mg
orally Thr before scan
or/and 5-15mg i.v.
in patients with aortic (optional)

valve stenosis, severe
hypotension, Mobitz heart
block consider calcium
channel blockers

(optional — sublingual)

(optional — sublingual)

100ml

intravenous

60-100ml

intravenous

facts which might limit the interpretation

of the right coronary artery.

Two major techniques are available to
synchronize the arrival of contrast agent
in coronary arteries and the beginning of
the scan: bolus tracking and test bolus. In
bolus tracking, the bolus is “tracked” in
the ascending aorta just above coronary
ostia. Roughly 7-10s after the contrast in-
jection has begun, the scanner starts to
monitor attenuation changes in a region
of interest (ROI) positioned in the ascend-
ing aorta. Once enhancement reaches a
preset attenuation threshold, e.g., 100HU

above baseline attenuation of blood, the
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FIGURE 5A (1-12). The basic information of MSCT is the axial images (A1-A12). Scrolling through them in the cranial to
caudal direction shows any structure in the axial plane. The scan starts at the level of the tracheal bifurcation (A1) there-
fore the main bronchi (asterisks), the ascending aorta (A) and pulmonary artery (PA) are shown. As we scroll caudally, the
origin of the left main coronary artery (A2, curved arrow) and its trifurcation (A3) into left anterior descending artery (gross
arrow), circumflex artery (void arrow) and intermediate branch (IMB) are seen. The left anterior descending artery (A3-
A12, gross arrow) courses along the superior inter-ventricular groove and can be followed down to the apex of the heart.
A diagonal branch is also seen (A4-A6, gross arrowhead). The left circumflex artery (A3-A5, void arrow) courses in the left
atrio-ventricular groove and gives an obtuse marginal branch (A6-A8, void arrowhead). The proximal right coronary artery
(A6, thin arrow) has a short horizontal course. Then the vessel courses caudally (A7-A9, thin arrow) in the right atrio-ven-
tricular groove. The inferior inter-ventricular groove contains the posterior descending artery (A12, thin arrow).
Abbreviations: A=aorta; PA=pulmonary artery; asterisks=main bronchi; RVOT=right ventricular outflow tract;
sPV=superior pulmonary veins; RAp=right appendage; C=cava; LA=left atrium; IMB=intermediate branch; iPV=inferior
pulmonary veins; RA=right atrium; RV=right ventricle; LV=left ventricle; CS=coronary sinus; L=liver.

patient is instructed to hold his/her breath after injection of the test bolus (10-12ml).
and the scan is initiated. Time to peak enhancement is used to de-
termine the optimal scan delay.

Test bolus needs a separate test contrast

injection to time the main contrast injec-
tion. A ROl is positioned in the ascending
aorta. Low dose scans separated by Is

are used to plot enhancement versus time

Image Post-Processing
With image post-processing, the source

axial images are modified and made use-
ful for the observer [3] (Figure 5). With



Typical Artifacts

It is important to recognize
a few typical MSCT artifacts
which may lead to image
misinterpretation. Motion ar-
tifacts (Figure 6) typically blur
the contours of the heart and
coronary arteries. Inconsis-
tent triggering or arrhythmias
will lead to misalignment of
adjacent image stacks. Par-
tial voluming occurs when a
pixel (i.e., smallest portion
of an image) contains more

than one type of tissue. In

this setting, the attenuation

FIGURE 5B-E. Axial images are reconstructed to form a volume. Post-pro-
cessing is performed on this volume data set. Multiplanar reconstructions
(B) cut this volume according to planes arbitrarily tilted in any orientation. the weig hted average of the
When the cut plane is not flat but curved, the result is a curved multiplanar

reconstruction (C, D). This image is a flattened representation of the curved different attenuation values.
plane (D). Maximum intensity projection is an algorithm that visualizes only
the structures with the highest attenuation along the observation line (C).

value assigned to the pixel is

Thus, when a pixel is only

Volume rendering (E) displays the volume based on the density of the struc- pa rtiolly filled by a structure
tures. Color attribution is arbitrary, therefore the appearance will change . .
when the operator changes the colors of the algorithm. of very hlgh attenuation

(A full color version of this illustration can be found in the color section)

(e.g., metal or bone), a high

isotropic resolution, multiplanar refor-
mats (MPR) and maximum intensity
projections (MIP) along the course of
the coronary arteries are the routinely
methods for assessment of coronaries
from MSCT datasets. Three-dimen-
sional volume rendering technique
(VRT) provides a helpful overview, e.g.,

in cases of complex anatomy such as

coronary artery bypass grafts (CABG)

or anomalous coronary arteries [4] FIGURE 6. Typical artifacts in cardiac MSCT (A) include motion

However axial imcges may be best for artifacts (B) and stack misalignment due to heart rate variations or
! slight arrhythmia (C). Whereas motion artifacts cause blurring (B),

the detection of coronary stenoses. images within a misaligned stack are not blurred (C).
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CT number is assigned to the complete
pixel, which will thus appear bright on the
image. This may lead to overestimation
of the size of high-attenuation objects
(e.g., coronary calcifications and stents)
(Figure 7).

FIGURE 7. Volume rendered image (A), curved maximum
intensity projection (B) and multiplanar reconstruction (C)
show a calcified plague (arrow) located in the LAD just
proximal to the origin of a septal branch (S). The size of
structures with high X-ray attenuation such as calcifications
is overestimated in MSCT due to partial voluming. This cal-
cification superimposes most of the coronary artery lumen.
The conventional angiogram (D) shows a normal LAD.

(A full color version of this illustration can be found in the
color section)

Coronary MSCT
Angiography -
Clinical Applications

Stenosis Detection
Although conventional coronary angiog-
raphy is still regarded as the reference

standard for the detection and quantifi-

cation of coronary artery stenosis, there
are situations where sufficient informa-
tion may be acquired by a non-invasive
technique with benefits in terms of cost,

patient risk and discomfort.

Since 1999, when the first studies on
MSCT coronary angiography were pub-
lished, the development of MSCT tech-
nology has been tremendous. Numerous
studies [5-21] have compared the accu-
racy of MSCT in the detection of coronary
artery stenosis versus invasive coronary
angiography (Table 2). While sensitivity
and specificity remained similar compar-
ing 16-MSCT and 64-MSCT, 64-MSCT
and DSCT became more robust for im-
aging the coronaries: in the segmental
analysis, a decrease was shown for the
number of coronary segments that had
to be excluded due to insufficient image
quality [22] (Figure 8, Table 2). Impor-
tantly, in the per-patient analysis, which is
clinically relevant because it explores the
ability of MSCT to identify patients with
or without significant CAD, the negative
predictive value was consistently found to
be high, in the range 92-100% (Table 2).
These findings led to the hypothesis that
a normal MSCT may obviate the need for
invasive angiography in properly selected
clinical circumstances. The reported posi-
tive predictive values were lower, indicat-
ing the tendency of MSCT to overestimate
the severity of disease in comparison to

invasive coronary angiography. Especially



FIGURE 8. Curved multiplanar reconstructions of the LM and LAD arteries obtained in three different patients with
16-MSCT (A), 64-MSCT (B) and DSCT (C) show progressive improvement in image quality. All the patients had heart rates
during the scan comprised between 62 and 65 beats/minute.

in the presence of coronary calcifications
and residual motion in the dataset, MSCT
is presently limited to accurately grade
lesion severity (percentage of stenosis).
However, MSCT has a notably high sen-
sitivity and negative predictive value for
the detection of significant CAD, thus it
may be well suited to clinical situations in
which exclusion of CAD is of paramount
concern, e.g., in patients with low to in-
termediate pretest likelihood of disease
[23]. The evolving indications of MSCT
of the heart, with emphasis on the evalu-
ation of coronary arteries, are shown in
Table 3.

Bifurcations and Ostial
Lesions

The angiographic evaluation of bifurca-
tion lesions may be hindered by projec-
tional foreshortening, vessels overlap
and insufficient vessel opacification; for
these reasons, the assessment of the side

branch ostium can be particularly chal-

lenging. Errors in diagnosis may lead to
consequences for patient management:
when CABG surgery is the treatment of
choice, underestimation of a side branch
lesion may result in the side branch not
being grafted; when PCl is preferred, de-
tailed anatomic information will permit to
better define intervention strategy. More-
over, conventional angiography does
not provide sufficient information on the
plaque burden at the level of the bifur-
cation. In the presence of a high plaque
burden, initial treatment of both the main
and side branches (e.g. crush or culottes
techniques) should be preferred over
main branch stenting first followed by
provisional balloon angioplasty (with or
without stenting) of the side branch. This
approach may be preferable to reduce
the occurrence of post-PCl plaque shift
compromising the side branch lumen.

Van Mieghem et al. [24] compared
MSCT to conventional angiography for
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TABLE 2. Detection of coronary stenosis - diagnostic performance of MSCT versus conventional angiography
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TABLE 3. Evolving indications of MSCT of the heart [23] with emphasis on the evaluation of coronary arteries

Detection of CAD in symptomatic patients

1. Intermediate pre-test probability of CAD + equivocal ECG/unable to exercise
2. Equivocal exercise tests, perfusion imaging, stress echo
3. Evaluation of coronary arteries in patients with heart failure of new onset to assess etiology

Coronary anomalies

Exclusion of CAD prior to cardiac valve surgery/major non-cardiac surgery
Patients with recurrent chest pain after PCl with low probability of in-stent restenosis and large stents

(=3mm)
Coronary bypass grafts
Acute chest pain

1. Non-ST segment elevation and initial troponin negative
2. Intermediate probability of aortic dissection/aneurysm, pulmonary emboli, obstructive CAD

(triple rule out)

the detection and classification of coro-
nary bifurcation lesions. In keeping with
the available literature on non-bifurca-
tion lesions, they reported 96% sensitivity,
97% specificity, 63% positive predictive
value and 99% negative predictive value
for the detection of bifurcation lesions
(Figure 9). MSCT was found to be accu-
rate also in classifying bifurcation lesions
according to the Medina classification
system [25]. Furthermore, thanks to the
three-dimensional nature of MSCT dataq,
the bifurcation angle between the main
vessel and the side branch could be mea-
sured accurately. In situations where both
branches needed to be stented, informa-
tion regarding the bifurcation angle was
used to support the choice of the stenting
technique.

The visualization of ostial lesions (Figure
10) may equally be affected by projec-
tional limitations in conventional angiog-

raphy. Occasionally, ostial lesions can be

FIGURE 9. The DSCT multiplanar reconstruction (A) shows
a proximal bifurcation lesion (arrows) in the LAD artery,
also seen on the curved multiplanar reconstructions of the
LAD (C) and diagonal branch (E). The lesion is confirmed
by the conventional angiogram (F). According the Medina
classification system (B), the lesion involves proximal main
branch and side branch whereas the distal main branch is
unremarkable (1,0,1). The lesion is not clearly detectable in
the volume rendered image (E); distally to the bifurcation,
the LAD has intramyocardial course (arrowheads).

(A full color version of this illustration can be found in the
color section)
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Chronic Total Occlusion

In the diagnostic work-up of patients with
chronically occluded coronary arteries,
MSCT can add important information
to conventional angiography. Measure-
ment of the length of the occluded seg-
ment, which has long been identified as
a predictor of failed PCl, can be limited

in conventional angiography by foreshort-

FIGURE 10. The volume rendered view after removal of
the right atrium (A), axial image (B) and curved multiplanar
reconstruction (C) demonstrate an ostial lesion of the RCA.
(A full color version of this illustration can be found in the
color section)

masked by the engagement of the cath-

eter tip beyond the lesion. At a pre-inter-
ventional stage, MSCT can provide infor- FIGURE 11. Occlusion of the RCA (void arrowheads) is

mation on three-dimensional onatomy of demonstrated by the conventional angiogram (A), DSCT
multiplanar reconstruction (B) and curved multiplanar

ostial lesions and vessel take-off ongle reconstruction (C) of the vessel. The distal patent RCA is not
sharply visualized on the angiogram (A). The multiplanar re-

[26] construction (B) and curved multiplanar reconstruction (C) of
the RCA permit better visualization of the distal patent vessel
(solid arrowheads) and thus of the actual occlusion length.
Asterisks: right ventricular branch.



FIGURE 12. Occlusion of the proximal LAD (arrowheads) is demonstrated by the DSCT maximum intensity projection
image (A) and conventional angiogram (B). The DSCT cross sections (C-F), obtained as indicated in A, provide information
on the severity of lesion calcification. Bulky calcifications are present proximally to the occlusion (C), at the level of the
stump (D) and more distally (F).

ening, calibration limitations and lack of
collateral filling (Figure 11). Conversely,
MSCT is a three-dimensional technique
which allows reliable length measure-
ment of coronary segments. Likewise,
MSCT permits to evaluate the proximal
entry port, the severity of calcification
(Figure 12) and to delineate occlusion
trajectory. Therefore, MSCT may improve
the ability to predict the success rate of
PCI. Mollet et al. [27] found that a blunt
entry point, an occlusion length >15mm
and severe calcification, all determined
by MSCT, were independent predictors of
procedural failure.

stents

Coronary stents are notoriously difficult to
assess by MSCT. Partial voluming artifacts
(see above) enlarge the apparent size of
the stent; this is particularly disturbing in
smaller stents, where the in-stent lumen
might be completely obscured, and in
overlapping and bifurcation stents due to
an excess of metal. As demonstrated in
vitro, types of metal and strut thickness
also play an important role for in-stent lu-
men assessability [28]; generally, stents
with thinner struts (e.g., 0.14mm) are less
problematic than stents with thicker struts
(e.g., 0.15mm and above).

In the evaluation of coronary stents, the

finding of contrast-enhancement distal
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TABLE 4. Detection of in-stent restenosis - diagnostic performance of MSCT versus conventional angiography

Unevaluable Sensitivity (%) Specificity (%) PPV(%) NPV(%)

stents (%)

16-MSCT
Gilard [30]
All diameters 36 . . . .
>3mm 19 86 100 100 99
<3mm 49 54 100 100 94
40-MSCT
Gaspar [31]
All diameters 5 89 81 47 97
64-MSCT
Rixe [34]
All diameters 42 86 98 86 98
>3mm 22 100 100 100 100
3mm 42 83 96 83 96
<3mm* 92 . 100 . 100
Ehara [33]
All diameters 12 92 81 54 98

Cademartiri [32]

All diameters 7 90 86 44 98
DSCT
Pugliese [35]
All diameters 5 94 92 77 98
=3.5mm 0 100 100 100 100
3mm 0 100 97 91 100
<2.75mm 22 84 64 52 90

*only 1 stent available, without in-stent restenosis
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to the stent is not fool-proof for stent pa-
tency, because collateral pathways may
fill the vessel retrogradely; if the stent is
being evaluated for the presence of non-
occlusive in-stent restenosis, direct visual-
ization of the in-stent lumen becomes the

mandatory criterion.

Technical requirements for coronary stent
imaging are 64-slice MSCT scanners with
thin detectors in order to optimize spatial
resolution and decrease partial voluming.
The use of sharper convolution kernels
may be beneficial to decrease the entity
of high density artifacts and is therefore
recommendable for coronary stent imag-
ing. High temporal resolution is also im-
portant because high density artifacts are
exacerbated by the presence of residual
motion in the MSCT dataset [29].

Clinical studies compared different gener-
ations of MSCT scanners to conventional
angiography for the detection of in-stent
restenosis, defined as =50% luminal nar-
rowing (Table 4). Studies performed using
16-MSCT [30], 40-MSCT [31] and 64-
MSCT [32-34] reported promising results
with variable percentages of unassessable
stents. Using DSCT [35], the percentage
of unassessable stents was found to be
low; whereas the diagnostic performance
did not vary significantly between differ-
ent stent configurations (i.e., single stents
versus overlapping/bifurcation stenting),

the results were influenced importantly by

the stent diameter. In particular, the abil-
ity of DSCT to exclude with certainty in-
stent restenosis in stents with diameters
<2.75mm was significantly lower than

that observed in larger stents.

Ideally, the stent type and diameter are
known prior to the scan, therefore in-
stent lumen accessibility in a particular
patient could be predicted from the avail-
able in-vitro and in-vivo data. However,
MSCT was shown to have a constantly
high negative predictive value, therefore
it may be useful in patients with clinical
symptoms but low pre-test probability for
in-stent restenosis.

Stent implantation in the LM and proxi-
mal LAD/CX provides a suitable scenario
for the use of MSCT in the detection of
in-stent restenosis. This is mainly due
to the relatively large size of stents im-
planted in the LM and proximal LAD/CX;
moreover, this part of the coronary tree is
relatively protected from motion artifacts.
Although CABG surgery is still recom-
mended in patients with LM disease, PCI
is increasingly performed on the unpro-
tected LM coronary artery in the drug-
eluting stent (DES) era. However, in-stent
restenosis still occurs with DES and may
cause fatal myocardial infarction or sud-
den death [36], therefore surveillance
with routinely angiography 6 months af-
ter PCl for left main stem is highly recom-
mended [37]. A study by Van Mieghem et
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FIGURE 13. The DSCT axial image (A), its magnification (A'), the cross-sectional views (B, C) and the diagram (E) show
the typical appearance of the crush stenting technique, characterized by three layers of metal crushed against the ostium
of the side branch. The DSCT cross-section obtained at the level of the carina (B) and the curved multiplanar reconstruc-
tion of the diagonal branch (G) demonstrate in-stent restenosis in the diagonal branch stent (arrow). The LAD (main
branch) is patent (F). The conventional angiogram (D) confirms the findings.

al. [38] showed that MSCT was safe and
reliable in excluding in-stent restenosis in
patients with LM and proximal LAD/CX
stents; this study suggested that MSCT
might be an acceptable first-line alterna-
tive to conventional angiography for the
follow-up of patients after unprotected
LM stenting.

MSCT also visualizes the configuration
of bifurcation/overlapping stents (Figure
13) and the position of stents implanted

in ostial lesions. Tissue prolapses, stent
malapposition and underexpansion are
generally not clearly visualized by MSCT.
It is conceivable that stents with thinner
struts, absorbable and non-metallic stents
(Figure 14) will be less affected by high-
density artifacts; the introduction of these
new devices might increase the utility of
MSCT in patients after PCI.



FIGURE 14. The DSCT multiplanar reconstruction (A) and its magnification
(A) show a bioabsorbable stent placed in the LCx artery. The stent is radiolu-
cent with radiopaque markers at the stent edges.

Coronary Artery Bypuss
Grafts

General Issues

Patients with prior coronary artery bypass
graft (CABG) surgery usually present with
co-morbidity and have a higher preva-
lence of valve disease and ventricular
dysfunction compared with non-CABG
patients. They have a higher incidence
of complications during invasive proce-
dures, including cardiac catheterization,
and may therefore benefit from non-in-

vasive coronary angiography performed

by MSCT.

Generally, bypass grafts are
well visualized by MSCT
due to their large diameter,
limited calcification and
relative immobility. Surgi-
cal opaque material, such
as vascular clips, sternal
wires and graft orifice indi-
cators may however hinder
the evaluability of coronary
grafts (Figure 15).

Clinical
Performance and
Limitations

64-MSCT permits to evalu-
ate graft patency with a
sensitivity approaching
100% in both arterial and
venous grafts and without
exclusion of grafts due to insufficient im-
age quality [39-42]. However, ischemic
symptoms in patients after CABG surgery
can be caused by obstruction of bypass
grafts or by disease progression in na-
tive coronary arteries. Comprehensive
evaluation post-CABG surgery should
also include the native coronary tree; as-
sessment of the native coronary arteries
can be difficult in these patients owing to
the diffuse nature of the disease and the
presence of severe calcifications [39].

Valve Diseuase
Whereas the visualization of the tricuspid

and pulmonary valves is generally incon-
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sistent, the mitral and aortic
valves can reliably be depicted
in contrast-enhanced MSCT
scans. While MSCT cannot pro-
vide measurements of transval-
vular flow and pressure gradi-
ents, dynamic imaging of the
open and closed valve is pos-
sible (Figure 16). For the normal
and stenotic aortic valve, recent
studies have demonstrated the
ability of MSCT to measure
the orifice area with close cor-
relation to transesophageal
echocardiography and invasive

assessment of the aortic orifice
area [43, 44]. However, in the

setting of severely calcified ste-

2 B B Y e
FIGURE 16. The MSCT multiplanar images were obtained
in 2 different patients (A and B) parallel to the aortic valve.
Images in the upper row (A1, B1) were obtained during di-
astole. Images in the lower row (A2, B2) were obtained in
systole. In patient A, the cusps adapt during diastole (A1)
and open during systole (A2); the aortic valve is normal.

In patient B, aortic cusps are thickened and calcified (BT,
B2). Opening is incomplete during systole (B2); the patient
has aortic valve stenosis.

FIGURE 15. In a patient after coronary artery bypass graft surgery,

the DSCT volume rendered image (A) and the curved multiplanar
reconstruction (B) show patency of the left internal mammary artery
graft and of the anastomosis of the graft onto the LAD. Notice the
hyper-dense appearance of the surgical clips.

(A full color version of this illustration can be found in the color section)

nosis, measurements of the opening area
by CT may become unreliable. Non-en-
hanced CT scans can be used to quantify

aortic valve calcium [45].

Coronary Anomualies

It may sometimes be difficult during in-
vasive coronary angiography to define
the origin and course of anomalous
coronary arteries. MSCT is extremely re-
liable to visualize the origin and course
of anomalous coronary vessels and is
well-suited for investigating patients with
known or suspected congenital coronary
artery anomalies. MSCT permits morpho-
logical analysis with very high resolution;
moreover, this technique is not restricted

by “echo windows” or by implanted de-



vices such as pacemakers or implantable
cardioverter defibrillators, which are fre-
quently encountered in patients with con-

genital heart disease.
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prerequisite for success-
ful CT angiography is good contrast
enhancement within the coronary ar-
teries. In order to achieve this, there
needs to be optimization of the injec-
e.g.,
concentration, volume and injection rate.

tion parameters, contrast agent
It is also mandatory to use appropriate
techniques to synchronize the passage
of contrast agent in the coronary vessels
and the CT scan.

introduction

Multi-detector technology has created
new dimensions in spatial and tempo-
ral resolution in CT scanning. Multislice
computed tomography scanners allow
noninvasive coronary angiography within
a single breath-hold by use of faster gan-
try rotation times and sophisticated al-

gorithms for retrospective electrocardio-

40

graphic gating [1]. Four-rows CT scanners
had shown promising results [2] even if
with a scan time of approximately 40 sec-
onds, and suboptimal spatial and tem-
poral resolution. Owing to the increased
number of detector rows and faster gan-
try rotation, the introduction of 16-row
scanners has decreased the time needed
to image the entire heart to approximate-
ly 20 seconds, and thus enabled to obtain
consistent images of the coronary arteries
at CT angiography. Improved sensitivity of
this technique in the detection of signifi-
cant coronary artery stenoses has been
reported [3, 4].

A prerequisite for successful CT angiogra-
phy is prominent vascular enhancement.
In order to achieve this, injection param-
eters must be accurately chosen and
associated to synchronization protocols
between the arterial passage of contrast
agent and CT data acquisition. The in-
troduction of multi-detector row CT tech-

nology requires even further optimization

Pugliese F, Cademartiri F,
Mollet N, de Feyter P
Krestin G

In: de Feyter, Schoenhagen, Hammrtstingl,
Feragalli (eds.) Advances in MDCT-
Cardiac Imaging, volume 2, 2005.
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and synchronization, due to the shorter

acquisition times [5].

Contrast
Enhancement
in Coronary CT
Angiography

The pattern of enhancement in a given
vessel of interest can be described as a
curve obtained by plotting attenuation
values within the vessel against time, af-
ter intravascular injection of contrast ma-
terial. This curve is also known as bolus
geometry, and its shape resembles tem-
poral changes in attenuation within the
vessel (Figure 1). As it is observed in clini-
cal practice with a fixed injection rate, this
curve typically has a quite low upslope,
a delay to reach a plateau rather than a

CT angiography: a review

peak, and eventually a slow decrease of
the enhancement. Being aware of the at-
tenuation changes in time is not trivial,
since CT angiography is based on fast ac-
quisition of data during the arterial phase
of contrast passage. In order to image
coronary arteries optimally, the timing
and duration of CT scanning should be
synchronized to the timing and duration
of the actual enhancement curve, in par-
ticular to the portion resembling high and

relatively homogenous attenuation.

Modality of Contrast
Material Administration
(parameters affecting

bolus geometry)

The pattern of arterial enhancement (bo-
lus geometry) in patients is influenced in
first instance by parameters such as their

age, body weight and cardiac output,

HU
PME
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FIGURE 1. Attenuation-time curves after contrast agent injection at CT coronary angiography. (A) In ideal settings, the bolus geom-
etry (dotted line, 1) has a rectangular shape and overlaps the CT imaging window (light grey rectangle). The actual enhancement
curve (continuous line, 2) has a steep upslope, a rounded peak and a wash-out downslope. Portions of all the three enhancement
phases are imaged. tPME= time to peak of maximum enhancement. PME= peak of maximum enhancement. (B) Contrast material
volume, injection rate and concentration affect bolus geometry by elevating the peak of enhancement. The time to peak is delayed
by an increase in volume, is made earlier by an increase in concentration whereas it stays unaffected by changes in iodine concentra-
tion [31].
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which are not under operator control.
Other parameters affecting bolus geom-
etry such as (a) volume, (b) injection rate
and (c) iodine concentration are related
to the modality of contrast material ad-
ministration, and thus are operator con-
trolled [6, 7].

Contrast Material Volume

Ideally, a volume of contrast material nor-
malized for a patient’s body weight will
result in a predictable degree of arterial
enhancement. On the other hand, it is
conceivable that an increase in contrast
material volume will produce a propor-
tional increase in arterial enhancement.
In clinical practice, a fixed amount of
contrast material is generally applied [8].
Since it is mandatory to obtain good cor-
onary artery enhancement for the whole
duration of the CT scan, an injection vol-
ume of approximately 100ml at 4ml/sec
will take approximately 25 seconds to be
administered, that is to say just a little
longer than the average scan time of a
16-row CT imager [6]. In order to contain
the dose of iodine and the risk of contrast
material nephropathy, combined meth-
ods of contrast material bolus followed by
saline solution flush have been applied to
coronary CT angiography. Previous stud-
ies in the literature have described the
injection of a saline solution in patients
undergoing thoracic CT in order to push
a decreased volume of contrast material,

which allowed a 20% decrease of con-

trast material volume with a similar de-
gree of tissue enhancement [9, 30]. More
recently, the use of a saline solution in-
jected intravenously immediately after the
contrast material main bolus, also known
as bolus chaser, has been tested in nonin-
vasive 16-row CT coronary angiography,
and has been compared to conventional
contrast material protocols without bolus
chaser [10]. The “low volume’ protocol
with bolus chaser showed comparable
enhancement at the level of coronary
arteries with a 35% decrease in contrast

material volume.

Injection Rate

In order to evaluate the relative effect
of injection rate in vascular and hepatic
enhancement during CT, some authors
performed simultaneous and dynamic
measurements of aortic, portal and he-
patic attenuation in animal models and
concluded that a higher injection rate
has prominent effects on arterial en-
hancement without a consistent effect
on venous and parenchymal (i.e. liver)
enhancement [11]. Claussen et al. [12]
reported that, in a patient population
and with a peripheral injection site, be-
low a threshold of 8ml/sec the peak aor-
tic enhancement depended mainly on
the injection rate, so that the elevation
of the injection rate led to a proportional
increase in arterial enhancement regard-
less of iodine concentration and injection

volume [13]. The higher chance of renal
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dysfunction associated with higher iodine
load led to the development of strategies
for improving the homogeneity of the
arterial enhnacement to fit the imaging
window, so that the overall amount of
contrast material to be injected could be
reduced. In particular, multiphasic proto-
cols have been tested in which the injec-
tion rate is decreased during the contrast
injection [14, 15, 16]. A higher injection
rate at the beginning of the injection and
a lower rate in the second part of the in-
jection produce a prolongation of the pla-
teau of enhancement. Such a change in
bolus geometry was meant to allow the
collection of the CT data set from the en-
tire field of view with a constant level of
arterial enhancement, while less contrast
material volume is administered. The use
of a multiphasic protocol for the adminis-
tration of contrast material in 16-row cor-
onary CT angiography does not provide
significant advantages over a monopha-
sic protocol in terms of vessel attenuation
[17], since the faster scan time (faster
gantry rotation + increased number of
detector rows) makes the potential bene-
fit for data acquisition of a longer plateau
of enhancement worthless.The injection
rates used in clinical coronary CT angiog-
raphy range between 4 and 5ml/sec [6].
A large and proximal antecubital vein is
commonly used in CT coronary angiog-
raphy and 18-20 gauge cannulas allow
the injection rate to be achieved without

complications.

CT angiography: a review

lodine Concentration

Mathematical models for the descrip-
tion of contrast enhancement of blood
vessels have been developed based on
physiological data and pharmacokinetic
rules. According to these approaches
contrast enhancement of blood vessels
follows the rules of a one-compartment
model and depends on the volume of the
vessel compartment, the flow rate within
the vessel, the contrast material concen-
tration and the time [18]. In animal se-
ries with given injection rate and volume,
changes in contrast material concentra-
tion proved to have a prominent effect on
arterial enhancement, whereas venous
and parenchimal (i.e. liver) enhancement
were affected much less prominently [11,
13]. Fenchel et al. [19] determined the
influence of two different iodine concen-
trations of contrast material (400mg/ml
vs. 300mg/ml) on contrast enhancement
in abdominal multislice CT in a study per-
formed on a patient population. Accord-
ing to these authors, the early enhance-
ment of aorta, coeliac trunk and superior
mesenteric artery is significantly higher
when the 400mg/ml contrast material
was used, thus allowing an excellent eval-
uability of splanchnic arteries [19, 20].
Similarly, there is clinical consent that ef-
fective opacification of the thoracic aorta
is better achieved injecting high concen-
tration contrast materials at injection
rates of 3ml/sec or more [21]. The ideal

iodine concentration for high vascular en-
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hancement in coronary CT angiography
is reported to be 350-400mg/ml [6].

CT Scan
synchronization
(prediction of
bolus geometry)

Synchronization of the scan with maxi-
mum enhancement of the vessels under
investigation (imaging window) is the ulti-
mate step required, not less important, in
order to perform robust coronary CT an-
giography. Optimal acquisition timing is
even more crucial when evaluation about
patency of an in-stent coronary artery lu-
men is attempted on the basis of mea-
sured contrast enhancement, as reported
in early papers [22, 23]. In general, for
helical CT or multi-detector row helical
CT, the most frequently used bolus tim-
ing techniques are (a) a fixed delay tech-
nique, (b) bolus-tracking, and (c) deter-
mination of the transit time by means of

a test bolus injection.

Fixed delay Technigque

Although the synchronization of contrast
material administration is becoming in-
creasingly important secondary to the
introduction of faster multidetector CT
scanners, controversies still remain on the
use of these techniques. On the basis of
experience and related to angiographic

data, a fixed delay of 25 seconds was

used to image the abdominal aorta after
intravenous injection of 150ml of contrast
material. In such series, 98% of the atten-
uation measurements were judged ad-

equate for angiographic evaluation [24].

Bolus-Tracking Technigque

This technique is based on real-time mon-
itoring of the angiographic bolus with the
acquisition of a series of dynamic low-dose
monitoring scans at the level of the ves-
sel of interest, during injection. It is pos-
sible to start the main scanning manually
or automatically with a trigger threshold.
The advantages of tracking the contrast
agent bolus over the use of a fixed scan
delay were assessed at dual-phase helical
CT of the liver by Kopka et al. [25] Heavy
and severely diseased patients represent
the only limitation to this approach in that
the attenuation threshold in tissues is of-
ten not achieved [26]. A method based
on the interactive determination of the
scanning delay at multidetector CT im-
aging of abdominal aortic aneurisms has
also been published [27]. Low-radiation
monitoring images were acquired in a
single transverse section cephalad to the
body region under investigation. The di-
agnostic portion of the scan was triggered
manually and the power injector stopped
as soon as contrast enhancement in the
monitoring section could be qualitatively
assessed. According to this study, a 29%
decrease in contrast agent dose could

be achieved with no enhancement loss
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at the level of aorto-iliac arteries [27].
A protocol for optimal visualization of
the pulmonary arteries in the diagnosis
of pulmonary embolism was developed
with the injection of a small bolus at
slow injection rate, the passage of which
was monitored at the level of pulmonary
veins and triggered the injection of the
main bolus [28]. This was meant to re-
duce high density artifacts arising from
pooling of contrast agent in the right
sections of the heart and allow better
evaluation of the pulmonary arteries. In
a recent study, the efficacy of the bolus-
tracking technique was compared to that
of test bolus at coronary CT angiography
[5]. The authors report that the bolus-
tracking group had more homogenous
and steady enhancement compared with
the test bolus group.

Test Bolus Technigque

This technique is based on the calcula-
tion of the scan delay time by means
of the intravenous injection of a small
amount of contrast material (20 ml, or
15%-20% of the main bolus) during the
acquisition of a series of dynamic, low-
dose monitoring scans at the level of the
vessel of interest [5]. The calculated de-
lay time is eventually exerted between the
commencement of the contrast main bo-
lus injection and the start of CT data ac-
quisition. Bolus-tracking was revealed to
be superior to the test bolus technique in

optimizing coronary artery opacification

CT angiography: a review

in 16-detector row CT coronary angiog-
raphy [5].

An overview of the literature attempting
to optimize contrast injection parameters
and scanning synchronization techniques
is reported in Table 1. Some authors have
focused on CT angiography in patient
populations. Although others have experi-
mented on animals or have primarily con-
sidered parenchymal (i.e. liver, pancreas)
enhancement patterns, data on aqortic
enhancement are nevertheless available
from these studies. Being aware of the x-
ray attenuation changes in time within the
vessels under investigation is not trivial,
since CT angiography is strictly based on
fast acquisition of data during the arterial
phase of contrast passage, and most of
these works test and express their efforts
of optimizing contrast enhancement for
CT angiography by means of measure-
ments of vascular attenuation over time.
The attenuation values sampled are dis-
tributed and described according to bolus
geometry (and its changes). The bolus ge-
ometry and dynamics resemble the tem-
poral changes of contrast enhancement
within the vessels of interest (Fig. 1A). A
rectangular profile that overlaps the im-
aging window is an ideal setting for bolus
geometry. In practice, the enhancement

curve has an upslope, a smooth peak re-
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TABLE 1. Summary of the literature on the parameters affecting the bolus geometry and techniques of CT scanning syn-
chronization. Changes in peak aortic attenuation are reported. The parameters tested in each study are bolded.

Volume (ml)

Injection rate

Concentration  Measured peak

(ml/sec) (mgl/ml) aortic attenuation
(average, HU)

1.5ml/kg 238

Yamashita et al. [29] 3.0 300
2.5ml/kg 270
0.5 262

Han etal. [13] 3ml/kg 300
2 545
130 300 260

Fenchel et al. [19] 5.0

98 400 365
1.5ml/kg 6 388

Garcia etal. [11] 280
2ml/kg 288
20+ 100 test bolus 306

Cademartiri et al.[5] 4.0 320
100 bolus tracking 328

107 =20 (interactive

285

Ho et al.[27] delay protocol) 4.0 300
150 288
75 240

Haage et al. [30] 3.0 370
60+ 30 saline 238
140 325

Cademartiri et al. [10] 4.0 320
100+40 saline 327

sembling a plateau and a wash-out por-
tion. The shape of the bolus geometry
can be manipulated in order to provide
adequate contrast enhancement, both in
terms of peak height and duration. The
volume, injection rate and iodine concen-
tration of the contrast material are the
parameters that should be adjusted in
order to optimize the attenuation of ves-
sels. Such an effort can neglect neither

the technical performance of the scanner

such as gantry rotation time and number
of detector rows (= scanning time), nor
the size of the vascular territory to be im-
aged, since synchronization of the data
acquisition with robust enhancement in
the entire field of view must be achieved.
An increase in contrast material volume
increases arterial enhancement and de-
lays the maximum enhancement peak
(Fig. 1B). A higher injection rate also

produces an increase in arterial enhance-
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ment. The enhancement peak will also be
earlier (Fig. 1B). Both the latest features
are desirable in coronary CT angiogra-
phy, so that high-injection rates are used.
Nevertheless, in clinical practice such ef-
fects are limited by a higher chance of
contrast material extravasation. Theo-
retically, administering the injection at
decreasing rates acts on bolus geometry
and prolongs the plateau phase, which
is the imaging phase and dallows the
contrast agent dose to be reduced by
minimizing the vessel enhancement in
nondiagnostic phases. With the advent
and widespread diffusion of 16-detector
rows CT scanners this strategy is not even
required anymore, owing to the faster
coverage of the body region to be im-
aged at maximum enhancement, which
automatically contains the contrast dose
needed. The attenuation accomplished
in vessels is also proportional to the io-
dine concentration of the contrast agent,
whereas the time to peak remains unaf-
fected by changes in concentration (Fig.
1B). Thus the use of high-concentration
contrast agents is preferred over low-
concentration ones. Conversely, one has
to be aware that the influx of contrast
of very high concentration may cause a
combination of motion and high-density
artifacts when imaged at CT. Moreover, it
is well known that viscosity increases with
iodine concentration and decreases with
rising temperatures. Hence high concen-

tration contrast materials (monomeric =

CT angiography: a review

350mg/ml or dimeric 320mg/ml) should
be administered only after appropriate
heating at 38°C. It has been pointed out
that contrast material volume shares the
effect of elevating the peak of enhance-
ment with the other injection parameters.
Nevertheless, at a fixed concentration
and injection rate, a very high contrast
volume would also increase the overall
iodine load. In clinical practice, adequate
enhancement during the imaging win-
dow is generally fulfilled through the use
of fixed amounts of contrast material ac-
cording to the temporal performance of
the CT scanner. In our experience, pro-
vided that adequate concentration and
injection rate are feasible for robust CT
angiography in the first instance, the lat-
ter parameter is ultimately adjusted to
a trade-off depending on the diagnostic
question and patient habitus. For ex-
ample, a larger field of view and a lon-
ger scan time are usually required for
full coverage of bypass graft surgery. In
these circumstances, no deterioration of
image quality occurs with a slight reduc-
tion in the injection rate. A larger blood
pool and higher x-ray attenuation may be
partly associated with poorer vascular en-
hancement in heavier patients. As a rule
of thumb, if the patient’s weight is over
90kg, a 20% increase in contrast material

volume might be advisable.

Optimizing bolus geometry ultimately

means tailoring the enhancement within
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the vessels under study (which is a dy-
namic effect of contrast material admin-
istration) to the acquisition performance
of the CT scanner. Once that the injec-
tion parameters have been adjusted and
robust enhancement is predictable in the
vascular bed, the CT data acquisition
must be accurately synchronized to the
most homogenous phase of enhance-
ment. In other words, it would be worth-
less to obtain good contrast enhance-
ment that does not correspond to the
imaging window. To this purpose, several
options are available. The imaging delay
can be calculated by means of the test
bolus technique by detecting the time for
a small tester injection to travel to the
vessels under study. Bolus-tracking is a
synchronization technique in which, after
one single contrast injection, a monitor-
ing acquisition phase triggers the diag-
nostic acquisition phase as soon as the
attenuation in the territory to be imaged
reaches a threshold, visually or automati-
cally assessed. Both a test bolus and a
bolus-tracking can be advantageously
applied to coronary CT angiography. A

paper by Cademartiri et al.[5] tested the
efficiency of both methods at 16-detec-
tor row CT and assessed a more homog-
enous and steady enhancement with the
bolus-tracking technique, in particular at
the level of left coronary branches. The
analysis of the aortic bolus geometry re-
vealed that the scan was performed dur-
ing the plateau of enhancement in this
group. In contrast, since the calculated
scan delay was slightly shorter in the test
bolus group, such patients were imaged
when the contrast material in ascending
aorta was still increasing (upslope of at-
tenuation/time curve). Should a 4 detec-
tor-row CT imager be used to perform
coronary angiography, hyperventilation
may be necessary prior to the start of the
data acquisition, owing to the relatively
long scanning time. The wide respira-
tory movements in hyperventilation may
not allow a reliable monitoring sequence
for bolus-tracking at the level of ascend-
ing aorta. In these settings, the choice of
bolus test over bolus-tracking may be

mandatory.
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UFpPose: The objective of
this study was to compare intracoronary
attenuation on 16-row multislice com-
puted tomography (16-MSCT) coronary
angiography using 2 contrast materials
(CM) with high iodine concentration.

Materials and Methods: Forty
consecutive patients (29 male, 11 female;
mean age, 61 = 11 years) with suspected
coronary artery disease were randomized
to 2 groups to receive 100mL of either
iopromide 370 (group 1: Ultravist 370,
370 mg iodine/mL; Schering AG, Ber-
lin, Germany) or iomeprol 400 (group 2:
lomeron 400, 400 mg iodine/mL; Brac-
co Imaging SpA, Milan, ltaly). Both CM
were administered at a rate of 4 mL/s. All

Cademartiri

Pugliese

patients underwent 16-MSCT coronary
angiography (Sensation 16; Siemens,
Germany) with collimation 16 x 0.75 mm
and rotation time 375ms. The attenua-
tion in Hounsfield units (HU) achieved
after each CM was determined at regions
of interest (ROIs) placed at the origin of
coronary arteries and on the ascending
aorta, descending aorta, and pulmonary
artery. Differences in mean attenuation in
the coronary arteries and on the ascend-
ing aorta, descending aorta, and pulmo-
nary artery were evaluated using Student
t test.

Results: The

achieved at each anatomic site was con-

mean  attenuation
sistently greater after iomeprol 400 than
after iopromide 370. At the origin of

coronary arteries, the mean attenuation

F, de Monye C,
F Mollet NR, Runza G,
van der Lugt A, Midiri M,
de Feyter PJ, Lagalla R, Krestin G.

Investigative Radiology 2006, 41:349-353
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after iomeprol 400 (340 = 53 HU) was
greater (P < 0.05) than that after iopro-
mide 370 (313 = 42 HU). Similar find-
ings were noted for the mean attenuation
in the ascending aorta, descending aorta,

and pulmonary artery.

Conclusion: The intravenous admin-
istration of iomeprol 400 provides higher
attenuation of the coronary arteries and
of the great arteries of the thorax as com-
pared with iopromide 370 using the same

injection parameters.

introduction

Current data suggest that significant
coronary artery stenosis can be detect-
ed with 16-row multidetector computed
(16-MDCT)

[1-7]. The increased number of detec-

tomography angiography
tor rows and faster gantry rotation with
16-MDCT compared with the previous
4-MDCT generation have improved the
diagnostic performance of the technique
and reduced the time needed to cover the
entire heart to approximately 20 seconds
[3]. The type and iodine concentration
of contrast media (CM) used in CT angi-
ography (CTA) have assumed increasing
importance because the attenuation that
can be achieved in vessels greatly affects
image quality and thus diagnostic yield
[8-10]. These considerations are even

more important for imaging the coronary

arteries because of the small caliber and
tortuous anatomy of these vessels, and
because of the presence of often exten-

sive vessel wall disease.

The attenuation achievable in vessels
can be improved by optimizing synchro-
nization between the arterial passage of
the CM and CT data acquisition and by
modifying the injection parameters for
intravenous (V) administration of CM
[8]. Whereas various bolus-tracking tech-
niques are available to improve synchro-
nization [11], modification of the injection
parameters to increase vascular attenua-
tion might involve altering the rate of CM
injection, the volume injected, and/or the
iodine concentration of the CM used [8].
Recently, we have demonstrated that CM
with higher iodine concentrations yields
significantly higher attenuation in the
coronary arteries and descending aorta
[12]. Although several iodinated CM are
available on the market, very few are for-
mulated to contain a high or very high
concentration of iodine (ie, >350 mgl/
mL). The purpose of the present study
was to prospectively compare 2 differ-
ent CM, one with a high concentration of
iodine (iopromide 370 mgl/mL) and one
with a very high concentration of iodine
(iomeprol 400 mgl/mL), in terms of the
attenuation obtained in an extended ter-
ritory comprising the coronary arteries as
well as the ascending and descending

thoracic aorta and pulmonary arteries.
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Materials and
Methodls

Patient Population

A total of 40 patients (29 men, 11 wom-
en; mean age, 61 + 11 years; age range,
34-79 vyears) referred for noninvasive
MSCT coronary angiography for suspect-
ed coronary artery disease were enrolled
prospectively. Exclusion criteria for coro-
nary CTA were irregular heart rate, pre-
vious allergic reaction to iodine contrast
media, renal insufficiency (serum creati-
nine >120 mmol/L), pregnancy, respira-
tory impairment, unstable clinical status,
or marked heart failure. Institutional Re-
view Board approval was received and all
patients gave informed consent to partici-
pate in the study.

Patients were assigned randomly to 2
groups to receive either 100 mL of iopro-
mide 370 (Ultravist 370; Schering AG,
Berlin, Germany; 370 mg iodine/mL)
(group 1) or 100 mL of iomeprol 400
(lomeron 400; Bracco Imaging SpA, Mi-
lan Italy; 400 mg iodine/mL) (group 2).
Patients with a pre-examination heart
rate equal to or greater than 65 beats
per minute (bpm) were given 100 mg of
metoprolol orally 1 hour before the scan.
The heart rate during the examination
was recorded continuously.

Multislice Computed
Tomography Examineation
Protocol

MSCT coronary angiography was per-
formed on a 16-row detector system
(Sensation 16; Siemens, Forchheim, Ger-
many) in the craniocaudal direction. The
scan parameters were as follows: number
of detector rows: 16, individual detector
width: 0.75 mm, gantry rotation time:
375 ms, tube voltage: 120 kV, tube cur-
rent: 600-700 mAs, feed/rotation: 3.0
mm, scan range: 120-140 mm.

CM administration was performed intra-
venously (antecubital vein) using a proto-
type double-head power injector (Stellant;
MedRAD, Pittsburgh, PA) through an 18-
G Venflon needle. All CM administrations
were performed intravenously at a rate of
4 ml/s and were followed by 40 mL of
saline flush at the same rate. The result-
ing iodine administration rate was 1.48
g iodine/s for group 1 and 1.6 g iodine/s
for group 2.

Synchronization between the passage of
contrast material and data acquisition
was achieved with real-time bolus track-
ing (CARE bolus; Siemens, Forchheim,
Germany) using a region of interest (ROI)
positioned on the ascending aorta. Auto-
matic triggering of the scan acquisition
occurred at a threshold attenuation of
+ 100 Hounsfield units (HU) above base-

line average attenuation.
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Data Collection
Data collection and analysis was per-
formed using previously reported method-
ology with some modifications [13]. Two
datasets were reconstructed using retro-
spective electrocardiographic gating with
a time window beginning 400 ms before
the next R wave. The first dataset was re-
constructed for the purpose of coronary
artery attenuation assessment. Recon-
struction of this dataset was performed
with the following parameters: effective
slice width: 1 mm, reconstruction inter-
val: 0.5 mm (50% overlap), field of view
(FOV): 160 mm, and convolution filter:
medium-smooth (Siemens Medical Solu-
tions; factory filter: B30f). The second da-
taset was reconstructed to assess the ves-
sels of the thorax. Reconstruction
of this dataset was performed with
the following parameters: effective
slice width: 3 mm, reconstruction
interval: 3 mm, FOV: 200 mm,
and convolution filter: medium-

smooth.

Measurements of
Attenuation

Coronary Arteries
Axial

scrolled to find the best location to mea-

slices in the first dataset were

sure the attenuation (HU) at the origin of
the 4 main coronary arteries (right coro-
nary artery [RCA], left main artery [LM],
left anterior descending artery [LAD], cir-
cumflex [CX]) (Figure 1). The ROls were
drawn as large as possible on the vessels
with care taken to avoid calcifications,

plaques, and stenoses.

Grecduat Vessels
The attenuation was determined at ROls

positioned on consecutive slices (at inter-

C AN u;-‘ B

FIGURE 1. Assessment of attenuation at the origin of coronary ves-
sels. In A and B, 2 oblique para-axial maximum-intensity projection
reconstructions show the ascending aorta (Ao) and the origin of the
right coronary artery (RCA) and left main coronary artery (LM). The
superior vena cava (SVC) is also shown with very high attenuation.
The assessments of attenuation at the origin of the main coronary
arteries are performed for RCA, for LM, for the left anterior descend-
ing (LAD) artery and for the circumflex (CX), as shown in C, D, and E,
respectively.
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vals of approximately 1 second) on the as-
cending aorta through to the left ventricle
(ROI1), the descending aorta (ROI2), and
the pulmonary artery through to the right
ventricle (ROI3). A fourth ROl (ROI4)
was positioned on the superior vena cava
(Figure 2). The attenuation after each
CM and the bolus geometry of the CM in
each vessel were determined.

B .
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each group, and the overall average was

used to compare the 2 groups.

The attenuation values obtained from the
ROIs positioned on the ascending and
descending aorta and pulmonary artery
in each patient were averaged at each
time point to generate average time/den-
sity curves. The average vascular attenu-
ation in these vessels indicated
quantitatively the amount of CM
present in the vessel during the
scan. Two additional parameters
were considered descriptive of
vascular attenuation in the great
vessels of the thorax: the attenu-
ation at the beginning of the
scan (time 0) and the maximum
enhancement value (MEV; peak
of attenuation) determined from
the time/density curve.

Significant differences between
the 2 groups were assessed using
a Student t test. A P-value <0.05

FIGURE 2. Assessment of bolus geometry through the dataset. The
assessment of bolus geometry in the great vessels of the thorax was
performed using regions of interest (ROIl) positioned on each vessel
on consecutive slices. ROIs on the ascending aorta (ROI1) were posi-
tioned at the beginning of the scan (A and B) and at the point of entry
of contrast material into the left ventricle (C). ROls on the descending
aorta (ROI2) were positioned on consecutive slices throughout the
dataset (A-D). ROls on the pulmonary artery (ROI3) were positioned
at the beginning of the scan (A), at the right ventricle outflow tract (B),
and in the right ventricle (C). A fourth (ROI4) was positioned on the
superior vena cava at the beginning of the scan (A).

was considered significant.

Results

The mean (* standard devia-
tion) age, body weight, and heart
rate (HR) of patients in each

Data Analysis
The attenuation values of the 4 coronary

arteries were averaged for all patients in

group are shown in Table 1 along with
the mean scan delay and mean scan time

of the MSCT examinations. No significant
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TABLE 1. Demographic data

Group 1 Group 2
No. patients 20 20
Male/female 15/5 14/6
Age (yrs) 59 12 63 10
Weight (kg) 73+9 75+ 11
Heart rate (beats/min) 61 =7 60 =8
Mean scan delay (sec) 21719 206 +23
Mean scan time (sec) 18.0 = 2.1 185 +24

differences (P >0.05) in any parameter
were apparent between the groups. Of
the 40 patients enrolled for the study, 22
(55%) were already on long-term beta-
blockers. A total of 28 of 40 (70%) pa-
tients received additional oral beta-block-
ers before the scan. The average heart
rate at patient presentation for the scan
was 69 = 11 bpm, which dropped to 57
+ 8 bpm after beta-blocker administra-

Coronary Artery
Attenudtion

The at the
origin of the 4 coronary arteries

mean attenuation
was always higher after lomeron
400 (340 = 53 HU) than after io-
promide 370 (313 = 42 HU) (Table
2; Figure 3).

Comparison of the mean overall
difference between the 2 groups
revealed significantly (P <0.05)
higher mean attenuation after
lomeron 400 than after iopromide 370.

Great Vessel Attenudation

The average attenuation was in all cases
significantly (P <0.05) higher after lom-
eron 400 than after iopromide 370 (as-
cending aorta: 353 = 59 HU vs 312 =
47 HU; descending aorta: 350 + 55 HU
vs 307 * 48 HU; pulmonary artery: 317
+ 72 HU vs 282 = 52 HU, respectively)

tion.
TABLE 2. Attenuation at Origin of Coronary Arteries

All examinations and bolus tim- Vessal - HU Group 1 Group 2 .
ing procedures were successfully RCA 315 + 58 357 + 66 +42
completed i Il tients. No

mpleted in allpatients LM 322+45 350 + 52 +28
significant adverse reactions to
contrast material were observed LAD 295 =57 321 =65 +34
in any patient and no changes in CX 287 + 46 331 + 60 +44
heart rate were noted either dur- Average* 313 + 42 340 + 53 197

ing the administration of contrast
material or during the MSCT ex-

amination itself.

* The average attenuation at the origin of coronary arteries was
significantly lower for group 1 (Ultravist 370) compared with group

2 (lomeron 400) (P <0.05).

SD, standard deviation; A = relative difference (group 2 average HU -

group 1 average HU).
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FIGURE 3. Results of attenuation assessment of coronary arteries and great

thoracic vessels. The results of the attenuation assessment

- concentration of the CM,
the injection rates used in

routine clinical practice

at the level of coronary arteries show slightly lower values for group 1 but not

significantly different in all 4 sample

regions (A). The average time/density curves in the ascending aorta and de-

scending aorta are almost identical for groups 1

and group 2 (B and C). For the pulmonary artery, instead, group 1 shows more

"pooling” of contrast material in the right
chambers of the heart (D).

(Table 3; Figure 3). Similar findings were
obtained for the attenuation at time zero.
Determinations of the MEV revealed sig-
nificantly (P <0.05) greater attenuation
with lomeron 400 in the ascending and
descending aorta but not in the pulmo-

nary artery.

Imaging of the coronary arteries is ham-
pered by their small size and tortuous
course and, when a stenosis or obstruc-
tion is present, by reduced blood flow. Im-
proved visualization of these vessels can
be achieved by increasing the iodine ad-
ministration rate either by increasing the

for coronary artery imag-
ing are already typically
4 to 5 ml/s. To increase
the injection rate further
would require larger nee-
dles and larger veins and more time to set
the intravenous supply. Moreover, the risk
of CM extravasation would also increase.
The use of a CM with higher iodine con-
centration may thus be an attractive alter-
native, particularly for the improved visu-
alization of vessels that contain a smaller
volume of blood [9,10].

A number of reports have discussed the
role of CM with high iodine concentra-
tion for CT angiography [12,14,15]. In a
recent study comparing several contrast
agents with differing iodine concentra-
tions (iohexol 300 mgl/mL, iodixanol 320
mgl/mL, iohexol 350 mgl/mL, iomeprol
350 mgl/mL, and iomeprol 400 mdl/mL)
for MSCT of the coronary arteries, we



TABLE 3. Bolus Geometry in the Great Vessels of the Thorax

Pulmonary Artery

Descending Aorta

Ascending Aorta

High

A

Group 2 A Group 1 Group 2 A Group 1 Group 2

Group 1

+35 <0.05

317 =72

<0.05 282 +52

+43

<0.05 307 =48 350 =55

312 47 353 =59 +41

Average (HU)

<0.05 29247 33053 +38 <0.05 330+85 405109 +75 <0.05

309 =45 348 =55 +39

Time 0 (HU)

iodine concentration contrast material for non-invasive MSCT

coronary angiography: iopromide versus iomeprol 200

0.17

33948 390+70 451 <0.05 341 +49 408 +73 +67 <005 317 =«52 352100 +35

MEY (HU)

Measurements of vascular attenuation for the main vessels of the thorax are displayed for group 1 (Ultravist 370) and group 2 (lomeron 400).

A, relative difference (group 2 average HU - group 1 average HU).

have shown that significantly higher vas-
cular attenuation is achieved with the
highest iodine concentration and that
significantly lower attenuation is achieved
with the lowest iodine concentration [12].
Our findings support the findings of an
earlier study by Becker et al [16] in which
2 different iodine concentrations (iomep-
rol 300 and 400 mgl/mL) were compared
at 2 different injection rates (2.5 and 3.5
mL/s) for 4-MSCT angiography of coro-
nary arteries. Their conclusion was that
the vascular attenuation achieved with
400 mgl/mL and 3.5 ml/s was signifi-
cantly higher than the other protocols and
that 300 mgl/mL and 2.5 mL/s provides
significantly lower attenuation. More re-
cently, a study by Rist et al has shown that
63 mL of a CM with high iodine concen-
tration (lomeron 400) injected at a rate of
2.5 ml/s provides equivalent attenuation
to that achieved after injection of 83 mL
of a CM with standard iodine concentra-
tion (lomeron 300) at a rate of 3.3 ml/s

[Rist, personal communication].

Our prospective study was aimed at fur-
ther defining the benefits of CM with high
iodine concentration by comparing the
attenuation achieved in the coronary ar-
teries and great vessels of the thorax after
administration of 2 CM with high iodine
concentration (iopromide 370 and lom-
eron 400). Along with iopamidol 370 (Is-
ovue 370; Bracco Diagnostics, Princeton,
NJ), these 2 CM contain the highest con-
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centrations of iodine of any CM currently
available on the market. With all other in-
jection variables (volume, injection rate)
and examination parameters kept con-
stant, significantly higher attenuation was
found in all vessels with the CM with the
highest concentration of iodine (400 mg/
mL). These findings suggest that modest
increases in the concentration of iodine
can lead to significant increases in the at-
tenuation observed and thereby improve
the visualization of the vessels of interest.

With the advent of newer, faster 16- and
64-slice CT scanners with considerably
more rapid acquisition times, there is a
greater need to achieve high attenuation
in a shorter period time without a concom-
itant increase in CM volume. Although

one way to achieve this is by modifying

1. Nieman K, Cademartiri F Lemos PA, et al.
Reliable noninvasive coronary angiography
with fast submillimeter multislice spiral
computed tomography. Circulation. 2002;
106:2051-2054.
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coronary artery stenoses with thin-slice multi-
detector row spiral computed tomography
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2003; 107:664-666.

the iodine administration rate through
alteration of the CM injection rate, a
more practical way might entail the use
of a CM with higher iodine concentration.
Given the greater attenuation seen in the
present study with lomeron 400, and the
fact that no differences were observed in
either the incidence of adverse events or
the heart rate before and after injection,
the CM with the highest concentration of
iodine can be recommended for CT angi-

ography of small arteries.

In conclusion, our study has demonstrat-
ed that the use of CM with higher iodine
concentration provides higher vascular
attenuation in the coronary arteries as
well as in the ascending and descending
thoracic aorta and pulmonary arteries.
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pretability
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n coronary computed tomog-
raphy (CT) angiography, the patient's
electrocardiogram (ECG) is used

a) to modulate the emission of high-ener-
gy x-rays during a portion the R-R interval
(pulsing window) in order to reduce the x-
ray exposure to patients, and b) to select
the CT data acquired during the same
portion of the R-R interval over multiple
cardiac cycles (reconstruction window) in

order to minimize motion artifacts.

The application of a modulation inter-
val (pulsing window) appropriate to the
patient’s heart rate and the combination

Pugliese F, Alberghina F,
Meijboom WB, Malago’ R,
Gopalan D, de Feyter PJ.

Journal of Cardiovascular Medicine
2007, 8:1088-1090.

of several different datasets (reconstruc-
tion windows) provides a robust method
for obtaining diagnostic information with
coronary CT angiography in patients with
heart rate variations during the scan.

introduction

Coronary computed tomography (CT)
angiography is becoming a practical al-
ternative to coronary catheterization in
selected patient groups [1]. However, the
literature reports that image quality is in-
versely related to heart rate [2]; diagnos-
tic accuracy is higher at lower heart rates
and deteriorates at higher heart rates [3].

Likewise, heart rate variation during the



Post-processing using MSCT coronary angiography impreves image
interpretability in patients with fast heart rates and heart rate variations

scan may impair image quality heavily. We
demonstrate how we obtained diagnostic
image quality of the right coronary artery
(RCA) with 64-slice CT angiography in a
patient whose heart rate ranged from 81
to 111 beats/min during the scan. The

average heart rate was 99 beats/min.

Materials and
Methods

The patient was a 42-year-old obese
woman, with Kawasaki disease diagnosed

at 2 years of age and mental retardation,

(a)
100 =« 103 =« 101 « 105 =« 101 =« 100

before preparation. One hour before the
CT study, the patient received 100mg
metoprolol orally and medication to re-
duce anxiety. Five milligrams of atenolol
were injected i.v. just before the scan.
Nevertheless, the average heart rate dur-
ing scan was 99 beats/min, ranging from
81 to 111 beats/min (Figure 1).

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

which maximum tube output was given

i
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9% . 1M1 =« 81 = 9% - 95

FIGURE 1. Electrocardiogram registered during the computed tomography scan. Maximal X-ray tube output is given from
25-70% of cardiac cycle (light boxes) so that data acquired during diastole (a) and systole (b) can be used for image

reconstruction.

who presented with exertional palpita-
tions. Rest electrocardiogram (ECG) and
stress testing were inconclusive for recent
ischemia. Non-invasive study of coronary
arteries was performed with CT angiogra-
phy. The patient had sinus heart rhythm

and average heart rate was 88 beats/min

from the routine 55-70% of the cardiac
cycle to 25-70%.

Coronary CT angiography was performed
with a 64-slice scanner (Siemens Sensa-
tion 64, Erlangen, Germany). Gantry
rotation time was 330 ms, detector size



64

was 2x32x0.6mm (z-flying focal spot

technology). These parameters trans-
lated into a temporal resolution of 165

-
-~

e 2 o e
200ms .
=, ix
, Mo . .\..-\.v-". -

FIGURE 2. ‘Panoramic’ multiplanar computed tomography view of the
right coronary artery (RCA) obtained by combination of datasets from
different phases of the cardiac cycle. A giant calcified aneurysm is seen
proximally (arrow). A second calcified aneurysm is localized in the mid-
tract of the RCA (arrowhead). Hypodense material consistent with throm-
bus is visible in both aneurysms (asterisks). However, the lumen is patent.

ms and a spatial resolution of isotropic
0.4mm3. Contrast agent (lomeron, 400
mgl/ml, Bracco, Milan, ltaly) was injected
into the antecubital vein at a flow rate of
5.0 ml/s.

First, we reconstructed two datasets 300
ms before the R wave with monoseg-
mental and bisegmental reconstruction
algorithms, respectively. Because the lat-
ter did not result in better image quality,

we proceeded by reconstructing multiple

datasets using the monosegmental algo-
rithm. Both diastolic (Figure 1a) and sys-
tolic (Figure 1b) reconstruction windows
were used. Reconstructed slice
thickness was 0.75mm with an

increment of 0.4mm.

Results

Tracts of the RCA could be
visualized by diagnostic im-
age quality in different datas-
ets. By combining multiplanar
views on an offline computer,
the RCA could be visualized in
its entirety (Figure 2). The left
coronary artery was less af-
fected by motion artefacts and
was unremarkable. Despite the
high heart rate of the patient,
diagnostic image quality was
obtained due to the enhanced
temporal resolution of 64-slice
CT compared to previous-generation CT

scanners.

Two partially calcified coronary aneu-
rysms were seen in the RCA. The proxi-
mal, larger aneurysm (Figure 2, ar-
row) was patent with a small amount of
thrombus (Figure 2, asterisk) layered on
its walls. The aneurysm localized in the
mid-RCA (Figure 2, arrowhead) was par-
tially filled with thrombus (asterisk). At this
level, two experienced readers (FP WBM)



Post-processing using MSCT coronary angiography impreves image
interpretability in patients with fast heart rates and heart rate variations

scored in consensus the severity of lumi-
nal narrowing as <50%. The total time
needed for preparation of the datasets
and their evaluation was 20 min. The pa-
tient eventually underwent conventional
angiography (Figure 3). Fractional flow
reserve measurement in the mid-RCA
yielded a value <0.75, confirming the CT
findings.

Coronary CT angiogra-
phy is a fast, non-inva-
sive diagnostic modality
where data for image
formation can be ac-
quired over the entire
cardiac cycle or over a
portion of the R-R inter-
val. The latter acquisi-
tion technique is called
ECG-controlled dose
ECG-con-
trolled dose modulation

modulation.

involves maximal X-ray
tube output during dias-
tole accompanied by a
decrease in tube output
during systole. The result

heart rate is high and refractory to b-
blockers, reconstructions in the systolic
phase are often necessary, especially for
visualization of the middle RCA.

By widening the maximal tube output in-
terval to 25-70%, we used data acquired
in both systole and diastole for image
formation. A wider pulsing interval also
allows manual editing of the position of
reconstruction windows along the car-
diac cycle to compensate for heart rate
changes during the scan. After analysing

FIGURE 3. Conventional angiogram of the right coronary artery confirms the
computed tomography findings.

is a total dose reduction
of 30-50%, depending
on the patient’s heart rate [4]. Therefore,
the use of dose modulation is always rec-
ommended. However, when the patient’s

the RCA segment by segment in differ-
ent datasets, we selected the best images

from each dataset and provided an inter-



pretable view of the entire RCA (Figure
2).

It could be argued that increasing the in-
terval of maximal tube output increases
X-ray exposure. However, a percentage
increase of the modulation interval does
not imply an absolute increase in patient
X-ray exposure when the patient’s heart
rate is very high. Moreover, it has been
reported that, at heart rates less than 85
beats/min, the best image quality is ob-
tained in diastole whereas, with higher
heart rates, the best reconstruction phase
shifts to end-systole [5]. Setting the maxi-
mal tube output to the end-systole might
therefore reduce the radiation exposure
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slice CT coronary angiography in patients
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without decreasing image quality in pa-
tients with high heart rates.

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

the clinical reliability of coronary CT an-

giography.
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spiral computed tomography: impact of heart
rate. Heart 2002; 88:470-474.
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tomography in daily practice: impact of
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estimates. Circulation 2006; 113:1305-
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urpose: To determine
the optimal width and timing of the ECG
pulsing window within the cardiac cycle in
relation to heart rate (HR), image qual-
ity and radiation exposure in patients with

suspected coronary artery disease.

Materials and Methods: The
institutional review board approved the
study and all patients gave informed con-

sent.

Dual Source CT was performed in 301
patients (mean HR 70.1=13.3; range:
43-112 bpm) using a wide ECG pulsing
window (25-70% of the R-R-interval). Da-

tasets were reconstructed every 5% from
20%-75% of RR-interval. Image qual-
ity was assessed by two observers on a
per segment level and classified as good
or impaired. High quality datasets were
those with each segment being of good
quality. The width and timing of the im-
age reconstruction window was calculat-
ed. Based on these findings, an optimal
HR dependent ECG pulsing protocol was
designed and the potential dose-saving
effect on effective dose (in mSv) was cal-

culated.

Results: At low HR (<65 bpm), high-
quality datasets were obtained during ED,
at high HR (=80 bpm) during ES and at
intermediate HR (66-79 bpm) during both

Weustink AC, Mollet NR,

Pugliese F, Flohr T, Meijboom WB,
Dijkshoorn ML, ten Kate G-J,

de Feyter PJ, Krestin GP

Radiology, manuscript in press.



ES and ED. The optimal ECG pulsing win-
dows for low, intermediate and high HR
were at 60-76%, 30-77% and 31-47% of
the R-R-interval, which decreases the ef-
fective dose at low HR from 18.7 to 6.8
mSy, at intermediate HR from 14.7 to
13.4 mSv and at high HR from 11.3 to

4.2 mSy, respectively.

Conclusion: Optimal ECG pulsing
can reduce radiation exposure to the pa-
tient, in particular in low and high heart

rates with preservation of image quality.

introduction

CT coronary angiography has emerged
as a non-invasive diagnostic modality that
reliably excludes the presence of signifi-
cant coronary artery disease (1-8). How-
ever, the radiation exposure associated
with CT-scanning is high (9) as compared
to conventional coronary angiography,

and may restrict clinical use.

Technological improvements are required
to reduce radiation exposure, while pre-
serving CT image quality. The Dual
Source CT (DSCT) scanner is equipped
with two X-ray sources resulting in an im-
proved temporal resolution of 83 ms al-
lowing scanning at higher heart rates (10-
14). The radiation exposure is primarily
reduced due to the increased pitch, and

thus shorter scan times in patients with

Optimal ECG pulsing windows in relation to heart rate: effect on image guality and
radiation exposure in dual source computed tomography coronary angiography

higher heart rates. An additional cardiac
bowtie filter and a smaller field-of-view of
the second detector further reduce radia-

tion exposure (14).

In addition, DSCT is equipped with elec-
trocardiographically (ECG)-triggered X-
ray tube modulation or “ECG pulsing”.
Prior to the scan, the operator can manu-
ally select the width and timing of the
ECG pulsing window in the R-R-interval
during which full tube current is given.
The ECG pulsing window is preferably
positioned within the cardiac cycle when
the heart moves less, e.g. end-systole and
end-diastole, to obtain motion-free im-
ages of the coronary arteries. The tube
current outside the pulsing window can
be set at 20% (functional analysis pos-
sible) or 4% of nominal tube current and
hence the total radiation exposure can be

greatly reduced.

The aim of this study was to determine
the optimal width and timing of the ECG
pulsing window within the cardiac cycle in
relation to heart rate (HR), image quality
and radiation exposure in patients sus-

pected for coronary artery disease.
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Materials and
Methotdls

Patients, Scan Protocol, and
Iimage Reconstruction

Authors who are not employees of or con-
sultants for Siemens Medical Solutions
(Forchheim, Germany) had control of in-
clusion of any data and information that
might present a conflict of interest for the
author (T.G.F) who is an employee of that

company.

During a period from July 2006 to June
2007, we included 362 consecutive symp-
tomatic patients suspected of having cor-
onary artery disease scheduled for con-
ventional coronary angiography (CCA).
Only patients in sinus rhythm without a
previous history of percutaneous inter-
vention or bypass surgery were included.
Excluded were patients with known aller-
gy to lodinated contrast material (n=11),
impaired renal function (serum cre-
atinine>120 umol/l) (n=18), persistent
arrhythmias (n=17) or logistic inability
to perform a CT scan before CCA (n=15).
Thus, the study population comprised
301 patients (215 male, 86 female, mean
age 63.6x10.6; range 25-89 years). The
institutional review board approved the
study and all patients gave informed con-
sent. No oral or intravenous B-blockers
were administered prior to the scan. All
patients received nitroglycerin (0.4 mg)

sublingually just before scanning.

Patient age, sex, body mass index was re-
corded. All patients were scanned using
a DSCT scanner (Somatom Definition,
Siemens Medical Solutions, Forchheim,

Germany).

The system is equipped with two X-ray
tubes and two corresponding detectors
mounted on a single gantry with an an-
gular offset of 90° and a gantry rotation
time of 330 ms (15).

DSCT 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-axis flying focal
spot), rotation time 330 ms, tube voltage
120 kV. The pitch varied between 0.2 for
low heart (<40 beats/minute) rates and
0.53 for high heart rates (>100 bpm),
with individually adapted pitch values for
heart rates >40 and <100 bpm. Each
tube provided 412 mAs/rot (625 mA),
and full X-ray tube current (100%) was
given from 25 to 70% of the RR-interval
to include both the end-systolic (ES) and
end-diastolic (ED) phase. The tube cur-
rent was reduced to 20% of maximum
tube current outside the ECG pulsing
window. A bolus of lodinated contrast
material (Ultravist ® 370, Schering, AG,
Germany) which varied between 60-100
ml depending on the expected scan time,
was injected at a flow rate of 5.5 ml/s in

an antecubital vein followed by a saline



bolus chaser at 5.0 ml/s. A bolus tracking
technique was applied to synchronize the
data acquisition with the arrival of con-
trast in coronary arteries. All CT coronary
angiography datasets were reconstructed
using a single-segmental reconstruction
algorithm: slice thickness 0.75 mm; in-
crement 0.4 mm; medium-to-smooth
convolution kernel (B26f); resulting in a
spatial resolution of 0.6-0.7 mm in-plane
and 0.5 mm through-plane (15). Aver-
age HR, scan length (cm), scan time,
pitch, and contrast load were recorded.
For each patient, 12 datasets were recon-
structed in 5% steps from 20% to 75% of
the R-R-interval.

Iimage Quality

All images were transferred to a dedicat-
ed workstation (Multi-Modality Worksta-
tion, Siemens Medical Solutions, Forch-

heim, Germany).

During a three month period, two observ-
ers (A.W. with 3 years of experience in
cardiovascular imaging, and N.M. with 7
years of experience) independently evalu-
ated image quality on a per segment
level in all 12 datasets. The images were
sequentially presented to the observers.
Coronary segments were classified ac-
cording to a 17-segment modified Ameri-
can Heart Association (AHA) classifica-
tion (16). The grading criteria for image

quality were as follows:

Optimal ECG pulsing windows in relation to heart rate: effect on image guality and
radiation exposure in dual source computed tomography coronary angiography

1. Good image quality (no or mild cor-
onary motion artifact present; confi-
dent image evaluation)

2. Impaired image quality (extensive
coronary motion artifact present;
impairment of diagnostic evalua-

tion)

The image quality was assessed for each
segment with a vessel diameter of at least
1.5 mm. Axial views, maximum intensity
projections (MIP) and (curved) multipla-
nar reformations (MPR) were used to
identify coronary motion artifacts. Three
months after the initial evaluation, one
observer (A.W.) re-analyzed a randomly
selected set of 100 datasets to determine
the intra-observer agreement. Both ob-
servers (AW. and N.M) independently
selected the best end-systolic (ES) and
end-diastolic (ED) datasets providing the
largest number of segments with good
image quality. The selected dataset was
defined as “high quality” if all segments
demonstrated good image quality. Inter-
observer disagreements were resolved by

consensus in a joint session.

Classification into Heart
Rate

Groups

After plotting the heart rate against the
frequency of high quality datasets recon-
structed during ES and/or ED, patients
were divided into low, intermediate, and
high heart rates (Figure 1, ‘Results’).
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FIGURE 1. Distribution of high quality end-systolic (ES) and end-diastolic (ED) datasets in

relation to heart rate

measurements
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ECG pulsing window

For each HR group, the optimal width of
the image reconstruction window during
ED and ES, respectively, was calculated
including exact 95% confidence inter-
vals. The optimal timing (during ES/ED
or both) of the ECG pulsing window was
determined by evaluating the differences
in occurrence of high-quality ES and ED
datasets in each HR group. The optimal
width of the ECG pulsing window (in per-
centage) corresponded to the calculated
width of the image reconstruction window
for each HR group.

Effective dose

The effective dose for DSCT coronary
angiography was estimated using Monte
Carlo estimations (ImPACT®,
0.99x, St. George’s Hospital, Tooting,
London, UK) and derived from CTDIvol

version

group, the po-
tential effect of
the optimal ECG pulsing window on the
effective dose was calculated using the

following equation:

((0.45 * Emax ) + (0.55 * Emax/ T)) = Epat
Eopt = (W * Emax ) + (1-W)) /T

Emax calculated dose using maximum

tube current throughout the en

tire cardiac cycle

Epat  effective dose based on the Mon

te Carlo estimations in each
patient

Eopt  calculated effective dose using

optimized ECG pulsing

W width of the optimal

window

pulsing



T tube current outside the pulsing
window as a percentage the
nominal tube current;

T 20%= 5, T 4%= 25

Statistical Analysis

Statistical analysis was performed us-
ing SPSS software (12.0.1, Chicago, IL).
Continuous variables were reported as
means and SDs and categorical variables
as frequencies or percentages. Compari-
son between HR groups for age and BMI

TABLE 1. Percentage of good image quality on a per segment- and per patient-level

Optimal ECG pulsing windows in relation to heart rate: effect on image guality and
radiation exposure in dual source computed tomography coronary angiography

Results

Image Quuality

A total of 4406 coronary artery segments
were evaluated (Table 1). The k-statistics
of the inter-and intra-observer agree-
ment for the evaluation of image qual-
ity was 0.73 and 0.81, respectively. The
agreement analysis exploring the effect
of the clustered nature of the data dem-
onstrated practically identical k-statistics
(0.75) indicating that there was a negli-
gible correlation
between observa-

N ED, % ES,% ED+ES, % tions within each
Patient level 301 71 81 93 patient.
Segment level All 4406 95 98 99
Proximal 1192 98 99 100 A “"high qual-
Mid 900 94 96 99 ity” dataset was
Distal 1089 94 97 99 found during ESin
Side 1225 97 99 100 81.1% (244/301)
N indicates number; ED, end-diastole; ES, end-systole; proximal segments, 1,5,6,11; mid of patients and

segments, 2,7,13; distal segments, 3,4,815; side segments: 9,10,12,14,16,17

was calculated using the ANOVA test and
for gender the Chi-square test. Inter- and
intra-observer variability for the evalu-
ation of image quality was determined
by k-statistics. The McNemar Test was
used to evaluate the difference between
the frequency of high quality datasets re-
constructed in ED and ES. An additional
agreement analysis was performed after
random selection of a single segment per
dataset in each patient to explore the ef-
fect of nesting.

in ED in 71.1%
(214/301) of pa-
tients, respectively. The k-statistics of the
inter-observer agreement for the selection
of high quality datasets was 0.88.

Classification into Heart
Rate Groups

Patients were divided into low (HR<65
bpm), intermediate (HR 66-79 bpm), and
high (=80 bpm) heart rates based on two
cut-off values (Figure 1).
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ECG Pulsing Window

Patient characteristics are listed in Table
2. The timing of the image reconstruction
windows in ED and ES varied within the
R-R interval (Table 3). In low heart rates,
ED reconstructions provided high-quality
datasets in 92.9% (118/127) without sig-
nificant improvement (p=0.13) by add-
ing ES reconstructions. In intermediate
heart rates, ES reconstructions provided
high-quality datasets in 78.9% (86/109)

FIGURE 2. Frequency of high quality datasets in three HR groups in end-diastole (ED)

and/or end-systole (ES) on a per patient level

Optimal ECG pulsing windows in relation to heart rate: effect on image guality and
radiation exposure in dual source computed tomography coronary angiography

Based on these observations, the optimal
timing and width of the ECG pulsing
window was determined for each HR
group: 60-76%
low heart rates, 30-77% of R-R interval
for intermediate heart rates and 31-
47% of R-R interval for high heart rates
(Figure 3). This is in agreement with the

of R-R-interval for

results of a study of Husmann et al (18)
who investigated coronary artery motion
at different cardiac phases in relation

to heart rate and

found that with

P=0.125
| | |
P=0011 P <0.001 P=0.091 P<0.001

100 o R

P <0.001

P<0.001

80
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P <0.001

[ I .
[

increasing  heart
best image

=ED . .

ks quality shifts to

earlier percentage

phases of the R-R-

interval.

rate,
P=0453

=ES+ED

Effective
Dose

Instead of a fixed
ECG

window

pulsing
(25-70%

HR (bpm)

and ED reconstructions in 68.8 %
(75/109). The availability of both ES and
ED reconstructions significant improved
(p<0.001) the number of high-quality
datasets (90.8%, 99/109). In high heart
rates, ES reconstructions provided high-
quality datasets in 83.1% (54/65) with-
out significant improvement (p=0.45) by
adding ED reconstructions (Figure 2).

of RR
an optimized HR dependent ECG pulsing

interval),

protocol can reduce the effective dose of
the CT examination by 41% (18.7to 11.0
mSv) in low heart rates and 37% (11.3
to 7.1 mSy) in high heart rates (Table 4).
The use of a reduced tube current outside
the ECG pulsing window of 4% instead
of 20% would have resulted in a further
dose reduction of 38% (11.0 to 6.8 mSv)
in low heart rates and 41% (7.1 to 4.2

75
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TABLE 4. Effective dose (mSv) in Dual Source CT Coronary Angiography

Tube current

ECG pulsing E (mSv)
outside pulsing
(% of R-R interval) All HR
window

No pulsing - 27.7
Wide pulsing (25-70%) 20% 15.7*
Wide pulsing (25-70%) 4% 13.2
Optimal pulsing (**) 20% 11.8
Optimal pulsing (**) 4% 8.6

HR indicates heart rate; E, estimated effective dose;

E (mSy) E (mSv E (mSyv)
HR<65 bpm HR 66-79 bpm HR =80 bpm
33.4 26.3 20.2
18.7* 14.7% 11.3*
15.8 12.4 9.5
11.0 15.6 7.1
6.8 134 4.2

* based on Monte Carlo estimations using CTDlvol in each patient;
* * Optimal ECG pulsing windows: 60-76% (HR <65 bpm); 30-77% (HR 66-79 bpm); 31-47% (HR =80 bpm)

mSv) in high heart rates. In intermediate
heart rates, the width of the ECG pulsing
window could not be narrowed without
affecting image quality. However, the
effective dose can be reduced by 9% (14.7
to 13.4 mSv) with reduced tube current
outside ECG pulsing window of 4%.

Discussion

With the growth of cardiac CT use world-
wide, concern has been raised about the
rather high radiation exposure associated
with CT coronary angiography (CTCA)
(18, 19). Optimization of scan protocols
is therefore mandatory to keep the ra-
diation exposure “as low as reasonably
achievable (ALARA)". It is important that
referring physians and operators are fa-
miliar with dose saving algorithms that
can be applied in CTCA. The tube current
and voltage can be optimized according
to patient’s habitus. Prospectively electro-

cardiographically (ECG)-controlled X-ray
tube modulation or “ECG pulsing” repre-
sents another effective tool to reduce the

radiation exposure (20, 21).

Hausleiter et al. demonstrated that the
combination of a 100-kV scan protocol
with ECG pulsing reduced patient dose by
53% and 64% in 16- and 64-slice CTCA,
respectively (22).

In our study we used a DSCT scanner
equipped with ECG pulsing. The DSCT
scanner allows high-quality scanning of
patients with higher heart rates due to
the improved temporal resolution (10,
11, 12, 13). Because data were lacking
on the potential effects of the width and
timing of the ECG pulsing window on im-
age quality and radiation exposure, we
choose to use a relative wide ECG pulsing
window of 25-70% of the cardiac cycle.
This allowed us to study the optimal tim-



ing and width of the ECG pulsing window
in different heart rates without compro-

mising image quality.

Our results show that in patients with a
low heart rate (<65 bpm), high-quality
motion-free end-diastolic datasets were
obtained in the large majority (93%) of
the patients. This allows us to safely use
of a narrow ECG pulsing window (60-
76% of the RR-interval) without affecting
image quality. In patients with an inter-
mediate heart rate (between 66 and 79
bpm), the use of both ES and ED datasets
resulted in the majority of patients (91%)
with high-quality datasets. Therefore,
narrow ECG pulsing during either ES or

ED is not optimal. In this case, the use

Optimal ECG pulsing windows in relation to heart rate: effect on image guality and
radiation exposure in dual source computed tomography coronary angiography

In patients with high heart rates (=80
bpm), the ES datasets provided high
quality motion-free datasets in 83% of
patients. Additional end-diastolic data-
sets did not improve the number of pa-
tients with high-quality datasets. This can
be explained by the relative short diastolic
phase during higher heart rates and there-
fore absence of a motion-free period dur-
ing early and late diastolic filling phase
and subsequent immediate atrial kick all
of which cause continuous displacement
of the coronary arteries. Thus, ECG puls-
ing can be optimized in patients with high
heart rates by narrowing the ECG pulsing
window width (31-47% of the R-R-inter-
val). This is in agreement with the results
of a study by Husmann et al (23) who in-

FIGURE 3. Width and timing of ECG pulsing windows in the RR-interval in low (<65 bpm), intermediate (66-79 bpm) and

high (=80 bpm) heart rates
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of a wide ECG pulsing window (29-77%),
encompassing both the end-systole and
end-diastole is required to obtain high

quality images.

vestigated coronary artery motion at dif-
ferent cardiac phases in relation to heart
rate and found that with increasing heart
rate, best image quality shifts to earlier
phases of the R-R-interval.
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The reduction in radiation exposure was
considerable if one could use a narrow
ECG pulsing window according to the
heart rate. In patients with low heart rates
(<65 bpm), the radiation exposure was
reduced to an effective dose of 11.0 mSv
with reduced tube current outside the
pulsing window of 20% of nominal value
to 6.8 mSv in case of reduced tube current
outside pulsing window of 4% of nominal
value. Itis of note that in patients with low
heart rates the use of a narrow pulsing
window is very effective to reduce patient
dose because of the relatively long “low
dose” period of the long R-R interval.
with intermediate heart
rates (65-79 bpm), reduction in radia-

In  patients

tion exposure can only be achieved by
using a reduced tube current at 4% of
maximum value in combination with
a wide ECG pulsing window. However,
the radiation exposure can be further
reduced in patients with intermediate
heart rates because our data showed that
there are potentially two narrow pulsing
windows to acquire the data, of 29-44%
and 61-77% of the R-R-interval, which
would allow CT scanners equipped with
the possibility of double pulsing (2 peaks
of nominal tube current during a single
heart beat) to use this scan protocol.
For double pulsing, scanner technology
should allow fast tube current transitions
from nominal to low tube current and

visa versa. To date double pulsing is not

yet clinically applicable in CT coronary

angiography.

In patients with high heart rates (=80
bpm), optimized ECG pulsing can lower
the effective dose to 7.1 or 4.2 mSy,
respectively, in case of reduced tube
current outside the pulsing window of
20% or 4% of maximum value. 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).

Study Limitations

For the image quality evaluation, we only
took into account the presence of coro-
nary motion artifacts. Other image de-
grading artifacts, such as low signal-to-
noise or calcium-related blooming were

not evaluated.

Our results show that the use of optimal
ECG pulsing windows in relation to heart
rate would result in a significant decrease
in radiation exposure in DSCT coronary
angiography. However, our findings were
based on calculations and therefore as-
sumptions only. Nevertheless, these as-
sumptions appear reasonable and are
taken from the technical properties of
the DSCT scanner, which allow selection
of narrow ECG pulsing windows in any
phase of the cardiac cycle. However, pro-
spective selection of these narrow pulsing

windows in low and high heart rates re-



quire testing in the real clinical situation
to demonstrate that these settings indeed

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 is not negatively
affected by the use of narrow ECG puls-

ing windows.

We did not evaluate the effect of other
dose saving algorithms, e.g. lower tube
voltage of current on image quality. It is
expected that lower mAs or kV values in
slim patients will further patient dose es-
timates. Our results apply only to DSCT
scanners, and may be different for other

systems.
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uUrpose: To prospectively
evaluate the effect of experience
with coronary computed tomography
angiography (CTA) on the capability to
detect =50% coronary stenoses.

Materials and Methods: The
Institutional Review Board approved the
study protocol. All patients consented to
undergo CTA before conventional coro-
anry angiography (CCA) after being in-
formed of the additional radiation dose.
They also consented on the use of their
data for future retrospective research.
Three radiologists and 1 cardiologist in-
experienced with coronary CTA attended
our cardiac CT unit for a 1-year fellow-
ship. Fellows were involved in the acquisi-
tion and interpretation of 12-15 coronary
CTA per week (~600/year). To assess the

progression in diagnostic performance,
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fellows (‘readers’) independently inter-
preted 50 CTA test cases in patients who
also underwent CCA. Cases were repeat-
edly assigned in random order at base-
line, 1, 2, 6 months and 1 year. The same
cases were interpreted by 2 experts (con-
sensus). We calculated sensitivity, speci-
ficity, and diagnostic odds ratios (DOR)
compared to CCA.

Results: At baseline, the range across
readers in sensitivity was 33-72%, speci-
ficity 70-94%, and DOR 3.8-8.1. After 6
months, sensitivity was 43-80%, specificity
71-88%, and DOR 8.8-15.2. After 1 year,
sensitivity was 66-75%, specificity 87-
92%, and DOR 14.7-25.8. The sensitivity
of expert physicians was 95%, specificity
93% and DOR 255.9. Between baseline
and 6 months: readers 1-3 showed im-
proved sensitivities but not significantly
while specificities remained similar; read-

er 4 improved specificity significantly while



sensitivity remained similar; all readers
improved DOR but not significantly. Be-
tween baseline and 1 year: readers 1-2
improved sensitivity significantly but not
specificity; reader 4 improved specificity
significantly but not sensitivity, readers
1, 2, and 4 improved DOR significantly;
reader 3 improved sensitivity, specificity,

and DOR not significantly.

Conclusion: Increasing exposures to
coronary CTA improved the diagnostic
performance of inexperienced physicians.
However, acquiring expertise in coronary

CTA was slow, and may take > Tyear.

introduction

Coronary computed tomography angiog-
raphy (CTA) performs well in the detection
of coronary stenoses (1-10). Most studies,
however, were carried out in selected in-
stitutions by experienced physicians. The
performance of coronary CTA may vary
according to the level of expertise of the

interpreting physician.

The American College of Radiology
(ACR) position is that a trained radiolo-
gist is qualified to supervise and read the
full set of images involved in coronary
CTA (11, 12). Physicians entering prac-
tice in coronary CTA for the first time
can follow the recommendations of the

American College of Cardiology Founda-

Learning Curve for coronary CT angiography: what ceonstitutes sufticient training?

tion (ACCF)/American Heart Association
(AHA) (13) and the Society of Cardiovas-
cular Computed Tomography (14). It was
hypothesized that the training necessary
for achieving competence in coronary
CTA would consist of minimum numbers
of cases performed over time. One could
pursue three levels of training through the
mentored interpretation of 50 coronary
CTA cases over a period of 4 weeks (Level
1), 150 CTA cases over 8 weeks (Level 2),
and 300 CTA cases over 6 months (Level
3), respectively (13).

Although recommendations

case loads are widely used, no evidence

regarding

exists to relate the increasing exposure
to coronary CTA to the interpretation
performance. We investigated the effects
of increasing experience with coronary
CTA on the interpretation performance of
3 radiologists and 1 cardiologist (without
prior experience with coronary CTA) by
prospectively evaluating the changes in
their capability to detect =50% coronary
stenoses during a 1-year fellowship in
our cardiac CT unit. The threshold of
=50% luminal narrowing was chosen
for consistency with most coronary CTA
studies (1-10).
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Wf
Materials and
Methotdls

Patients (test cases)

Between July and September 2004,
52 patients were recruited to a study
at our institution comparing 64-slice
coronary CTA with conventional coronary
angiography (CCA). These patients were
diagnostic CCA, they
were in sinus heart rhythm, able to hold
breath for 15 seconds, and they had

never undergone percutaneous coronary

scheduled for

intervention or coronary bypass surgery.
The Institutional Review Board approved
and the

protocol. Particular attention was paid to

the study protocol reading
the additional radiation dose. All patients
consented to undergo CTA before CCA
after being informed of the additional
radiation dose. They also consented on the
use of their data for future retrospective

research.

Coronary CTA and
Conventional Coronary
Angiography (CCA) (Table 1)
All patients were scanned with a 64-slice
CT scanner (Sensation 64, Siemens,
Forchheim, Erlangen, Germany) and
underwent CCA (15) within 2 weeks of
CTA.

Readers and CTA Exposure
From April 2006 to July 2007, 2 radiolo-
gists in the last year of training (1.5-year

experience with non-cardiac CT), 1 car-

diologist in the last year of training (1.5-
year experience with CCA), and 1 trained
radiologist (>3-year experience with non-
cardiac CT) attended our cardiac CT unit
for a 1-year fellowship. None had prior

experience with coronary CTA.

Two rotations were created; 2 fellows
were assigned to each rotation. Each
pair of fellows was involved in the
acquisition and interpretation of 12-
15 coronary CTA / week (~600 / year).
The CTA scans were performed by a
technologist, however both fellows were
present during the scan activity. Patients
were given metoprolol (when needed) by
an attending independent cardiologist.
It was then the fellows’ responsibility to
reconstruct images and select the best
reconstruction windows (‘phases’) for
interpretation. Subsequently, the fellows
scored these coronary CTA studies for
(=50%

reduction) on an offline workstation

significant  stenoses diameter

(Multimodality ~ Workplace ~ VE20A,
Siemens, Erlangen, Germany) using
multi-planar  reconstructions  (MPR)

and curved MPR (syngo 3D, Siemens).
The fellows had to generate MPR/
curved MPR images, classify coronary
segments according to a modified 17-
segment AHA model (15), and prepare
a preliminary report. Lesions were scored
visually. No lesion quantification software
was used. Testing the efficacy of different

types of post-processing (e.g., volume-
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TABLE 1. Parameters for coronary CTA and CCA (n = 50 test cases)

Coronary CTA: inclusion criteria Sinus heart rhythm
Ability to hold the breath for 15 seconds

No previous coronary revascularization with stent

implantation or bypass graft surgery

Coronary CTA: patient preparation according to pre-scan heart rate (HR) (beats/min.)

HR <70 None
70< HR <80 100mg metoprolol ¢ orally 45 min. before the scan
HR =80 100mg metoprolol © plus 1mg lorazepam ® orally

Coronary CTA: scan parameters
Detectors and width (no.x mm)
Rotation time (ms)

Tube current x time (mAs)

Tube voltage (kV)

Table feed per rotation (mm)

Scan time (s)

Coronary CTA: contrast agent
Type

Volume (ml)

Concentration (mgl/ml)
Injection rate (ml/s)

Synchronization technique

Coronary CTA: image reconstruction

Reconstruction technique

Reconstruction thickness (mm)
Reconstruction increment (mm)
Convolution kernel

Reconstructed datasets (‘phases’)

45 min. before the scan

32x2x0.6
330
800-900
120
3.8
12-14

iomeprol ©
100
400
5 d

Bolus tracking

Retrospectively ECG-gated

monosegmental algorithm
0.75
0.4
B30f

Mid- to end-diastole and end-systole to optimize

the visualization of all coronary segments

CCA
Timing Within 2 weeks of CTA
Operator Independent experienced (> 10-year) interventional

cardiologist unaware of CTA findings

Coronary segment classification model 17-segment modified American Heart Association (AHA) model (15)

Lesion quantification Quantitative coronary angiography (QCA)
performed using validated software ©

Definition of significant stenosis Diameter reduction =50%

a: Selokeen, Astra Zeneca, London, UK, b: Temesta, Wyeth Pharmaceuticals, Collegeville, PA, c: lomeron 400, Bracco,
Milan, Italy , d: Contrast agent was injected into an antecubital vein, e: CAAS II®, Pie Medical, Maastricht, the Netherlands
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Patients who underwent MSCT-CA and CCA
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FIGURE 1. Selection of test cases and reading protocol. The first 50 consecutive patients who had undergone coronary
CTA and CCA for an ongoing study comparing the 2 techniques were chosen as test cases. After receiving feedback on 5
normal and 10 abnormal CTA studies (different from the test cases), the readers evaluated independently and blindly the
50 test cases. The readings were done at baseline (T0), after 4 weeks (T4w), after 8 weeks (T8w), after 26 weeks, i.e., 6
months (Tém), and after 52 weeks, i.e., 1 year (T1y) of cumulative training.

rendering technique) was beyond our
purpose, therefore the fellows used the
same application (syngo 3D, Siemens)
for all the duration of the study. Because
two fellows were assigned to each
rotation, they shared the responsibilities
of reconstructing images and reporting
in equal parts (50%). Individual fellows’
involvement was documented in a log
book (i.e., number and type of patients).
Patient’s symptoms and clinical history
were available to the fellows for this
activity. The fellows could seek clarification

of any issues (e.g., technical, clinical)

encountered during data acquisition
and analysis, and could compare CTA
with  CCA and any other diagnostic
tests. The CTA studies were reviewed
under supervision of one in a team of
3 independent experienced physicians,
i.e., 1 cardiologist (W. B. M) and two
radiologists (F. P, N. R. M.) all with =3-
year experience with coronary CTA, within
a week from the scan date. The expert
physician re-interpreted the coronary CTA
studies and issued the official reports.
This took circa 5-20 minutes per study.
The fellows discussed their own findings



and received arguments for interpretation

mistakes.

Selection of Test Cases and
Reading Protocol

Before starting the study, the fellows re-
ceived lectures on cardiac anatomy and
coronary CTA technique. They also re-
ceived feedback by one expert physician
(N. R. M.) in the interpretation of 15
mentored cases (different from the test
cases). These mentored cases consisted
of 5 normal and 10 abnormal coronary
CTA studies. The fellows were familiar-
ized with the CT workstation by the ex-
perienced colleagues such that they were
able to use the application (syngo 3D,
Siemens) routinely used for reading coro-
nary CTA at our institution.

One radiologist (non-observer) (F P) se-
lected the first 50 consecutive CTA cases
from the database of 52 patients to be
used as ‘test cases’ (Figure 1). The fel-
lows, or readers, were tested individu-
ally. They independently read the same
50 coronary CTA test cases at different
stages of their fellowships: at the begin-
ning of the fellowship (TO, i.e., baseline),
after 4 weeks (T4w), after 8 weeks (T8w),
after 26 weeks (Tém, i.e., 6 months), and
after 52 weeks (T1y, i.e., 1 year) (Figure
1). The 4 weeks, 8 weeks and 26 weeks
training periods correspond to the train-
ing Levels 1, 2 and 3, respectively, as de-
scribed by the ACCF/AHA (13). Although

Learning Curve for coronary CT angiography: what ceonstitutes sufticient training?

the readers were aware that they were
evaluating the same set of studies, the 50
test cases were anonymized and the order
of evaluation was randomized for each
reading using random number tables to
prevent readers from remembering the
cases and being biased by their own prior
interpretations. The readers were un-
aware of patient’s symptoms, risk factors,
CCA and any other test results. All cases
were evaluated on an offline workstation
(Leonardo VB30A equipped with syngo
3D, Siemens) similar to that used for the
evaluation of routine cases. Readers had
5 days to complete the tests cases. Two
datasets for each patient (i.e., the best di-
astolic and systolic phases previously se-
lected by an independent experienced ra-
diologist, N. R. M.) were available to the
readers. Each reader generated his/her
own MPR/curved MPR images, and these
reformatted images were not available
to the others. The readers had to identify
coronary segments on the reformatted
images and classify them following the
same 17-segment AHA model (15) used
for CCA. Cases were then visually scored
for the presence of significant stenoses
using MPR and curved MPR images.
Readers recorded their findings by filling
in standardized score sheets. All identifi-
able segments (i.e., visible segments) had
to be scored without excluding any due
to poor image quality and/or calcifica-
tions. Only the segments that could not

be identified (e.g., anatomically absent or
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very small) were not scored. The evalua-
tion time per case (including generation
of MPR/curved MPR images, segment

identification and detection of =50% ste-

noses) was also recorded.

CCAwas used as standard of reference for
the detection of significant stenoses and
for the calculation of reader performance.

One

observer) (F P) compared the coronary

independent  radiologist  (non-
CTA score sheets from each reader with
the Quantitative Coronary Angiography
(QCA) The

receive feedback about their diagnostic

results. readers did not
performances. The type of training was
not individualized based on the level of
performance acquired by each reader
(i.e., deliberate practice), but remained
the same throughout the study.

Expert Consensus Reading

One radiologist (F P) and 1 cardiologist
(W. B. M.) (both with =3-year experi-
ence) scored the same 50 coronary CTA
test cases in a consensus reading using
the same workstation (Leonardo VB30A
equipped with syngo 3D, Siemens) used
by the fellows. The expert physicians were
unaware of patients’ symptoms, angio-
graphic findings, and fellows’ diagnostic

performances.

statistical Analysis

Statistical analysis was performed using
dedicated software (SPSS, version 12.1.
SPSS Inc., Chicago, lll., and STATA/SE
8.2, College Station, TX.). Results were
reported according to the Standards for
Reporting of Diagnostic Accuracy, or
STARD, criteria (16). Quantitative vari-
ables were expressed as means (standard
deviations) and categorical variables were
expressed as frequencies or percentages.
Logistic regression analysis was used to
explore the relationship between the abil-
ity to identify coronary artery segments
by CTA (dependent variable, dichoto-
mous) and reader experience measured
in weeks (independent variable) adjusting
for the reader. The presence vs. absence
of stenoses on CCA was determined for
the non-identified segments separately
to determine whether the non-identified
segments may have biased the results of

our analysis.

Reader performance in the detection of
individual significant coronary stenoses
(=50% luminal narrowing) by CTA was
compared to QCA. We calculated sensi-
tivity, specificity, positive predictive value
(PPV), negative predictive value (NPV),
and the diagnostic odd ratios (DOR)
with the corresponding 95% confidence
intervals (Cl’s). The DOR is an overall
measure of the discriminatory power of
the test with DOR = (true positives * true



negatives) / (false positives * false nega-
tives) (17-19). Comparisons of the sen-
sitivity and specificity achieved by each
reader in the different readings were
performed by analysis of the Cl’s and hy-
pothesis testing using Mc Nemar’s test.
Inter-observer agreement for the detec-
tion of significant coronary stenoses at
CTA was determined by multiple rater k-
statistics. Comparisons of k values were
performed by analyzing the 95% Cl's. To
determine the intra-observer agreement
in CCA interpretation, the same observer
(P J. F, >10-year experience with CCA)
evaluated 30/50 (60%) CCA studies twice

with a time interval of 2 years.

The data was clustered implying that po-
tential correlation existed between the
multiple (seventeen) segments analyzed
per patient (20, 21). To adjust for the
clustered nature of the data, we used a
bootstrap approach for the analyses. We
created 1000 replications of the dataset
using sampling with replacement and
treating all of a patient’s observations as
a cluster (implying an independent identi-
cal distribution at the patient level). Bias-
corrected 95% confidence intervals were
reported (21, 22).

Since this was an exploratory analysis,
a significance level of 0.05 was used
throughout in spite of the multiple com-
parisons so as to optimize the power of

showing a difference if there is one.
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Results

Test Cases (Table 2)

Twelve/50 (24%) patients had normal
coronary arteries, 17/50 (34%) had 1-
vessel disease and 21/50 (42%) had
multiple-vessel  disease. The mean
(standard deviation) Agatston calcium
score was 366 (437) (range 0-2013).
None of the patient had coronary artery

anomalies.

Reader Exposure to
Coronary CTA (Table 3)

Table 3 describes the number and type
of patients who underwent coronary CTA
over time, constituting the fellows’ annual
case load. The fellows were exposed to
~600 coronary CTA studies in a year,
and the case mixes in the 2 rotations

were similar.

Redader Performance (Table

4)

From baseline to 1 year, the ability to
identify coronary segments improved sig-
nificantly in relation to experience (odds
ratio = 1.09; ClI: 1.03-1.70). On aver-
age, 93% (2704/2896) segments were
identified at baseline, 94% (2720/2896)
at 4 weeks, 91% (2621/2896) at 8
weeks, 96% (2773/2896) at 6 months,
and 97% (2803/2896) at 1 year. The ex-
pert physicians identified 719/724 (99%)
segments. Unidentified segments (i.e.,

scored as absent) were distal or side



No. of patients (test cases)

Demographics
Average age (sd) a (years)
No. of men; average age (sd) a

No. of women; average age (sd) a

Cardiovascular risk factors: no. (%)
Obesity (Body Mass Index =30 Kg/m?)
Smoking

Hypertension

Serum cholesterol >200 mg/dL (5.18 mmol/L)
Diabetes mellitus

Family history

Number of risk factors: no. (%)
0
1

=3
Coronary segments visualized by CCA
Segments with =50% stenoses: no. (%)

Severity of CAD: no. (%)
No disease

T-vessel

2-vessel

3-vessel

Disease of left main artery: no. (%)

Medication before CTA and heart rate
Metoprolol: no. (%)

Mean heart rate during scan (sd) a (beats/min.)

Agatston calcium score

Mean (sd) a

Median

Range

Categories: no. (%)

0-10
11-400
401-1000
>1000

50

59 (10)
38/50; 59 (9) b
12/50; 58 (18) b

14/50 (28%)
13/50 (26%)
16/50 (32%)
25/50 (50%)
7/50 (14%)
11/50 (22%)

11/50 (22%)
7/50 (14%)
15/50 (30%)
17/50 (34%)

724

95/724 (13%)

12/50 (24%)
17/50 (34%)
13/50 (26%)
8/50 (16%)
1/50 (2%)

30/50 (60%)
58 (7)

366 (437)
215
0-2013

12/50 (24%)

22/50 (44%)

13/50 (26%)
3/50 (6%)

TABLE 2. Baseline characteristics and
angiographic findings of the 50 test
cases

a: sd = standard deviation

b: Average ages in men and women
were similar (Wilcoxon rank sum
test: p = 0.61)



TABLE 3. Reader exposure. Number and type of patients who underwent coronary CTA over time constituting the fellows’

annual case load °©

Number of cases over time
4 weeks

8 weeks

26 weeks (6 months)

52 weeks (1 year)

Case mix: no. (%)
Suspected or known CAD

at least 1 significant stenosis
Exclusion CAD before valve surgery

at least 1 significant stenosis
Suspected coronary anomalies

at least 1 significant stenosis
Patients with coronary stents

at least 1 significant stenosis ®
Patients with CABG grafts

at least 1 significant stenosis ©

Rotation A
(2 fellows)

57
109
327
625

342/625 (55%)
120/342 (35%)
54/625 (9%)
13/54 (24%)
14/625 (2%)
1/14 (7%)
125/625 (20%)
48/125 (38%)
90/625 (14%)
90/90 (100%)

Lhearning Curve for coronary CT angiography: what constitutes sufticient training?

Rotation B
(2 fellows)

50
99
312
591

365/591 (62%)
142/365 (39%)
49/591 (8%)
11/49 (22%)
10/591 (2%)
1/10 (10%)
98/591 (16%)
29/98 (30%)
69/591 (12%)
69/69 (100%)

@ The 50 coronary CTA studies used as test cases are not included in these numbers

> Numbers include stenoses in the native coronary arteries

branches =1.5mm in diameter. None
of these segments contained significant
stenoses, therefore they did not affect
the computation of sensitivity. We did not
include these segments as negative find-
ings because this would have led to an
overestimation of specificity. All identified
segments were scored for the presence
of stenoses irrespective of image quality
and/or calcification.

The experts had a sensitivity of 95% (95%
Cl: 87-98), a specificity of 93% (91-95),

and a DOR of 255.9. Sensitivities, speci-
ficities, and the DOR achieved by the fel-
lows over time are compared in Table 4
and plotted in Figure 2. An example of a
coronary lesion missed by all fellows but

detected by the experts is given in Figure
3.

Reader 1 and reader 2 increased their
sensitivities but not significantly between
baseline and 6 months. Specificity did
not increase significantly between base-
line, 6 months and 1 year, thus the DOR
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However, specificities at 1

oTo
90
o I * T + rllrJLIlﬁl ':1:: year were significantly better
Z w0 ? *I"l + h % ' ! [ mTem than at 4 weeks. At 8 weeks,
2 il T/ ' .
g % F \'f| ; + | LA readers 1 and 2 achieved
@ 40
30— ‘Jf specificities similar to those
fz of the experts; sensitivities
g p > - p were however significantly
10 lower than those of the ex-
0 .&
20 H—ﬁ i — ﬂ—
80 f'lq" ! $ﬁ+ * ;r# perts.
L v
5 60
g o With reader 3, between

baseline and 6 months sen-

sitivity increased significantly

whereas specificity decreased

significantly, thus the DOR

remained similar. Between 6

o months and 1 year specificity

increased significantly and

B P -
—
=
|
o

sensitivity decreased non-

| ;
Lt

significantly, thus the DOR

r r2 r3
readers

FIGURE 2: Sensitivity, specificity and the diagnostic odds ratios (DOR) ob-
tained at TO (white), T4w (light grey), T8w (grey), Tém (dark grey) and T1y
(black) were plotted for each reader (r1-r4) with 95% confidence intervals.
All readers had at least one drop in their overall performance, i.e. DOR, at
an intermediate stage of the learning process, i.e., between 4 and 8 weeks
for readers 1 and 4 and between 8 weeks and 6 months for readers 2 and
3. Reader 2 had an additional drop in performance between baseline and

4 weeks.

increased but not significantly between
baseline and 6 months (overlapping Cl’s).
A further significant increase in sensitivity
occurred between 6 months and 1 year.
With reader 1, the DOR improved signifi-
cantly between baseline and 1 year. The
sensitivities achieved by these readers at
4 weeks were similar to those at 1 year.

increased but not signifi-
cantly. The increase in DOR
between baseline and 1 year
was also not statistically sig-
nificant. Although sensitivity
and the DOR at 1 year were
not significantly better than

at 4 weeks, specificity was.

With reader 4, sensitivities at baseline, 6
months and 1 year were similar. Specific-
ity increased significantly between base-
line and 6 months, and further between
6 months and 1 year although not signifi-
cantly. The DOR increased but not signifi-

cantly between baseline and 6 months,
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Evaluation Times

Evaluation times decreased
significantly in relation to reader
(standard

time in

experience. Average

deviation) evaluation
minutes was 20 (13) at baseline, 18
(8) at 4 weeks, 16 (10) at 8 weeks,
12 (4) at 6 months, and 13 (5) at
1 year. Average evaluation time
(standard deviation) of the expert
physicians was 10.0 (3.1) minutes.
It took however additional 5 (2.2)

minutes to achieve consensus. The

experts were faster than all fellows

FIGURE 3: Two-mm-thick MIP (A), 0.75mm-thick MPR (B) and
curved MPR (C) coronary CTA images (obtained by one of the
experts) show a coronary lesion (arrowhead) causing significant
narrowing of the middle LAD. This lesion was mis-classified by all
the fellows at 1 year, but was correctly detected as significant by
the experts. Conventional angiography (D) confirms the finding.

at baseline, 4 weeks and 8 weeks
(all p-values <0.05). At 6 months
and 1 vyear, evaluation times of

fellows and experts were similar (all

and between 6 months and 1 year. At
1 vyear, specificity and the DOR were
significantly better than at baseline. The
sensitivity at 4 weeks was similar to that
at 1 year; however, specificity at 1 year
was significantly better than at 4 weeks.
Sensitivities and specificities achieved by
readers 3 and 4 were always lower than
those obtained by the experts.

The bootstrap analysis adjusting for the
clustered nature of the data demonstrated
that there was a negligible correlation
between
patient.

observations  within  each

p-values >0.05).

inter- and Intra-Ohserver
Agreement

The values fork (0.95 Cl) were 0.32 (0.25-
0.39) at baseline, 0.46 (0.42-0.52) at 4
weeks, 0.39 (0.33-0.45) at 8 weeks, 0.40
(0.34-0.46) at 6 months, and 0.48 (0.42-
0.54) at 1 year. Between baseline and 6
months, and between 6 months and 1
year inter-observer agreement improved
although not significantly (overlapping
Cl’s). The improvement between baseline
and 1 year was statistically significant
The
of intra-observer agreement in the in-
terpretation of CCA was 0.95 (0.95 CI:
0.92-0.98).

(non-overlapping  Cl’s). k-value
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Physicians inexperienced with coronary
CTA improved their capability to de-
tect significant coronary stenoses. The
evaluation time also decreased with ex-
perience, which correlates with expertise
and is relevant in clinical practice. How-
ever, none of the readers improved their
DOR significantly between baseline and
6 months, and only two of them (read-
ers 1 and 4) improved their DOR sig-
nificantly between baseline and 1 year.
Importantly, whereas the specificities
achieved by the fellows were approach-
ing those of the experts or reported in the
literature (1-8), sensitivities were much
lower. CTA had >90% sensitivity com-
pared to CCA in most available studies
(1-8). At the end of the learning curve re-
ported here, sensitivity ranged from 66%

to 75% (Figure 2).

Several explanations may account for
this difference. Firstly, it was reported that
~10 years of preparation are needed to
attain expertise in any domain (the 10-
year rule) (23). Such amount of prepa-
ration may overlap with regular medical
education so that it is difficult to deter-
mine a starting point. Nevertheless, the
published research on diagnostic perfor-
mance of coronary CTA was carried out
by physicians with =3-year experience.
It might therefore take more than 1 year

for an inexperienced physician to become

an ‘expert’ (Level 3). Secondly, published
studies were designed in a way that two
readers scored the CTA cases and even-
tually resolved any disagreement by con-
sensus. Whereas the expert reading in our
study was a consensus reading, we chose
to determine individual performance
among the fellows in order to study indi-
vidual growing expertise which we feel is
relevant for daily clinical practice. It might
also be argued that there are objective
differences between CCA and CTA, e.g.,
limited views, differences in systole versus
diastole with CCA, inability to accurately
image coronary arteries due to calcifica-
tions with CTA. However, CCA was the
reference technique for most published
studies, and the sensitivity and specific-
ity obtained by our experts were similar
to those of the literature. A high calcium
score, in particular, may hinder the ability
to estimate lesion severity with CTA intro-
ducing error in the estimation of sensitivity
and specificity. The mean calcium score
(366) of our test cases and the percent-
age of patients (~30%) with a calcium
score >400 were however similar to most
published studies (1-3, 5, 8).

It should be emphasized that the training
offered in this study did not include the
so-called deliberate practice, i.e., a type
of training which is individualized based
on the level of acquired performance
through the administration of cases se-

lected by a teacher (23). Fellows were not



confronted with their tendency to under-
estimate lesions. Had they been taught to
be lenient in calling a lesion significant
through explanation of the clinical con-
sequences, they could potentially have
further improved their sensitivity albeit at
the expense of specificity. However, the
development of a formal training course
and individualized feedback was beyond
the purpose of this study although proba-
bly worth considering in future fellowship

programs (24).

Interestingly, we found that the diagnos-
tic performance did not improve follow-
ing a linear pattern. All readers had at
least one drop in performance (Figure 2).
This phenomenon was found in different
areas of skill acquisition (25). When ap-
proaching a diagnostic task, beginners
would lack knowledge and experience;
intermediates would have knowledge
but limited experience, practised physi-
cians would have both knowledge and
experience (26). Experience would shift
the type of cognitive processing from
deliberate to intuitive; with intermedi-
ates, neither of the two would be strong
enough to yield good results (26). This U-
shaped model of performance is known
(27-29).

Readers at intermediate stage might also

as the ‘intermediate -effect’
have had an overconfident approach
to the task, whereas at initial/advanced
stages they could have been more moti-

vated to perform well.

Lhearning Curve for coronary CT angiography: what constitutes sufticient training?

Our study has limitations. Firstly, the
number of participants was small. It was
objectively difficult to engage physicians
in full-time commitment for 1 year. In-
cluding participants with varying degrees
of experience could have yielded more
generalizable results. However, we aimed
at evaluating the effect of increasing CTA
exposure on the diagnostic performance
of inexperienced physicians. Secondly, we
did not calculate readers’ diagnostic per-
formance at the patient level because the
population of 50 test cases was too small
to provide robust results. The high num-
ber of patients with at least one significant
stenosis (38/50, 76%) would have led to
an overestimation of sensitivity. Instead,
we computed the diagnostic performance
at a segmental level consistent with the
published literature, adjusting for cluster-
ing of observations within patients.

In conclusion, although inexperienced
physicians improved their diagnostic per-
formances through increasing exposures
to coronary CTA, it may take a prolonged
time to gain the expertise to read coro-
nary CTA as an independent practitioner,
which should have implications for train-

ing under existing guidelines.

97
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agnetic navigation is a
technology that allows the accurate guid-
ance of a magnetically enabled guide-
wire through the use of external magnets
generating a precisely directed magnetic
field. This technology can be combined
with MSCT. The pathway of the diseased
coronary arteries can automatically be
traced, even through chronic total oc-
clusions. The operator has access to an
endoluminal view that simulates looking
through the vessel lumen and simultane-
ously to the corresponding MSCT image
of the vessel cross-section.
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introduction

Multi-slice computed tomography (MSCT)
is a rapidly evolving technology in the
field of coronary artery imaging(1). Cur-
rent 64-slice MSCT allows the delineation
of coronary lumen and the visualization
of the plaque burden through the attenu-
ation of soft-tissue contrast and its high
sensitivity for vessel calcification(2). At
present, this technology is utilized for its
diagnostic potential. However, it is now
possible through the amalgamation of
MSCT with the Niobe® Magnetic Navi-
gation System MNS (Stereotaxis, St Louis,
MO, USA) to use it for performing percu-
taneous coronary intervention (PCI)(3).



Advanced magnetic navigation: multislice computed tomography-guided
percutaneous coronary intervention in a patient with triple-vessel disease

Magnetic navigation is a technology that
allows the accurate guidance of a mag-
netically enabled guidewire through the
use of external magnets that generate
a precisely directed magnetic field. The
coupling of this technology with MSCT
was initially introduced in the Navigant®
2.10 software (Stereotaxis) as an innova-
tive approach to manage chronic total
occlusions (CTOs)(4). It allowed the user
to segment out the 3D rendered MSCT
volume and to identify the diseased vessel
by manually marking points on the vessel
surface. This generated a pathway used
as a baseline to produce directional mag-
netic vectors, tangent to the pathway at
the point where the guide-wire magnetic

tip is placed.

With the recent upgrade to Navigant®
2.11, a segmented MSCT volume that
only shows the coronary tree (Siemens
Medical Solutions, Forchheim, Germany)
can be imported into the software. The
pathway of the diseased coronary arteries
can automatically be traced, even through
CTOs. The interventional cardiologist can
hence request magnetic vectors that truly
correspond to the patient anatomy. In ad-
dition, the operator has access to the en-
doluminal view (5) that simulates looking
through the vessel lumen and simultane-
ously to the corresponding Multi-Planar
Reconstruction (MPR) slice, as well as an
automated update of the magnetic vector

as the wire is advanced.

This case report illustrates the first use of
this innovation - in a complex patient with

triple-vessel disease.

Materials and
Methodls

A 56-year old diabetic woman presented
unstable angina. Angiography performed
at her referring hospital revealed signifi-
cant three-vessel disease (Figure 1 a-c)
with lesions in the proximal segments of
both the right coronary artery (RCA) and
the left anterior descent (LAD) as well
as diffuse disease in the obtuse margin-
al (MO). As part of an angina protocol
workup, she had an MSCT, which showed
all three vessels having varying amounts

of calcification (Figure 2).

Percutaneous Coronary Intervention was
planned following a clinical consultation
with our surgical colleagues. Standard six
French catheters (4.0 Judkins Right and
3.5 CLS) were used to facilitate the MSCT
guided Magnetic Assisted Intervention
(MAI). The procedure of integrating the
MSCT in Navigant® 2.11 (Pathway Plan-
ning) and crossing the lesion is detailed
below.



FIGURE 1. Angiographic views of the three diseased vessels pre- (a-c) and post (d-f) treatment.

Pathway Planning and
Crossing
This is done in three steps:

1. Extraction of the coronary tree from
the raw MSCT DICOM dataset (Sie-
mens)

2. Automatic vessel centerline compu-
tation (Stereotaxis)

3. Sequenced magnetic guidewire

navigation (Stereotaxis)

Coronary Tree Extraction
The Siemens Circulation™ (Circulation,
version syngo CT 2007A, Siemens, Forch-

heim, Erlangen, Germany) allows the

identification of the coronary tree from an
MSCT angiogram (Figure 2). The pack-
age then performs a semi-automatic seg-
mentation of the coronary tree based on
a single seed point. This post-processing
of the DICOM dataset can be imported
into the Navigant® 2.11 software.

Pathway Planning

Once the coronary tree is imported into
Navigant® 2.11, the user assesses the
diseased vessels and asks the software
to compute their centerlines: the trajec-
tory in the middle of each vessel. This
results in a pathway based on which the

magnetic field — critical for directing the
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FIGURE 2. Volume-rendered MSCT image with coronary segmentation is displayed in blue with vessel calcification shown
in bottom right image.
(A full color version of this illustration can be found in the color section)

guide-wire tip — will be generated. The
magnetic vector will be tangent to the
point in the vessel where the operator has
chosen to navigate. It therefore defines

the instantaneous advancement direction
(Figure 3).

In addition to this, Navigant® 2.11 uses
the data from the MSCT to generate
an endoluminal view and an MPR slice.
Hence, the interventionalist is provided
with a forward-looking representation of
the inside walls of the diseased coronar-
ies. At the same time, the Hounsfield map

of the transversal MPR slice is shown.
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FIGURE 3. Volume-rendered coronary tree with the automatically com-
puted pathway and the tangent magnetic vector.
(A full color version of this illustration can be found in the color section)

Magnetic Navigation

that are at least 30° apart and
aligning the centerline/naviga-
tional path to the live fluoros-
copy image. At each position
along the navigational path all
three corresponding magnetic
vector, endoluminal view and
MPR slice can be shown on a
touch screen monitor. A novel
feature that is unique to Navi-
gant® 2.11 is that after regis-
tering a magnetic wire the phy-
sician is able to choose a step
size (1 to 9mm) and a so-called
sequencing rate (1 to 60sec)
for the vector to automatically

update along the vessel. This

means that the operator can fully concen-

The navigation is performed after co-reg-  trate on the wire advancement guided by

istration of the MSCT to two Xray images  the moving vectors on the live fluoroscopy

FIGURE 5. Volume-rendered automated vessel sequencing. MPR slices are in the upper left quadrants.
(A full color version of this illustration can be found in the color section)
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FIGURE 4. Volume-rendered navigation and tools for the operator.
(A full color version of this illustration can be found in the color section)

image (Figure 4). As the vector is sequen-
tially updated so too are the MPR slices
together with the endoluminal views. This
automated sequencing can however be
temporarily stopped at any desired time
(Figure 5)

Results

Using the approach of automated wire
advancement, the proximal lesion in
the RCA was crossed with a Titan 3mm
straight tip magnetic wire in 30 seconds
with minimal contrast (8ml). The lesion
was predilated with a Voyager 2.5x20mm
balloon at 8 atmospheres following which
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V stent (2.5x20mm) was

implanted at 20 atmospheres. A similar

a Xience™

magnetic wire was used to cross the
lesions in the MO (20sec, 2ml contrast)
and in the LAD (20sec, 2ml contrast) to
permit the direct implantation of Xience™
V stents (2.5x15mm and 3.5x15mm)
respectively. There was TIMI 3 flow in all
three coronary arteries on angiography
(Figure 1d-e) and she was discharged
home after an uncomplicated 48h stay in
hospital. She is requested to continue dual

anti-platelet medication for one year.

The MNS dallows a full omni directional
(360°) movement of a 2-3mm Neo-
dymium magnet attached to the tip of a
0.014mm guide wire. Magnetic vectors
created in Navigant® precisely control
this movement so as to follow a 3-dimen-
sional navigational path or road map of
the coronary artery. The use of MSCT to
create such a road map not only gives
useful information about the plaque
composition and eccentricity but more
importantly it enables the direct visualiza-
tion of occluded segments in a CTO. It is
reported that the success in treating CTO
can depend not only on the length of the
occlusion but also on the amount of cal-

cium within the occlusion. As such, the

ability to directly visualize the MPR slices
whilst simultaneously being aligned to the
position of the vector that guides the wire
is an extremely useful tool. This paper
describes the first ever PCl where an in-
terventionalist can visualize exactly what
is being encountered ahead of a guide-
wire. The link with MNS gives the wire the
ability to steer around eccentric plaque as
highlighted in this case or to channel mi-
crovessels within an occlusion. It is worth
pointing out that the endoluminal view
is a display tool and the vectors gener-
ated are the same with or without this
additional feature. However, by manually
adjusting the vector to take into account
subtle changes in the vascular anatomy
while looking in the endoluminal view can
offer a higher degree of navigational ac-
curacy. The overall complexity of the case
demonstrates that MAI is safe and fea-

sible in patients with multi-vessel disease.

The incorporation of MSCT extracted
coronary arteries in Navigant® 2.11 pro-
vide an innovative approach to facilitate
PCI with its potential advantages of visu-
alizing the MPR slice, the endoluminal
view and automated segmental vector

advancement.
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UFpPose: The global preva-
lence and characteristics of coronary artery
anomalies (CAAs) remain debatable since
populations between studies are widely
different. Our purpose was to explore the
prevalence and characteristics of major
and minor CAAs using computed tomog-

raphy coronary angiography (CCTA).

Materials and Methods: Con-
secutive patients in sinus rhythm referred
for evaluation by CCTA were prospec-
tively studied for the presence of CAAs.
Scans were performed using 40-row and
64-row CT scanners.

Results: We studied 577 patients
[mean age 61=11 years; 81% men].
Patients were studied either as control of
stents, or due to the presence of multiple
risk factors (53 %), or due to chest pain,
equivalent symptoms or inconclusive
stress tests (47 %). We identified CAAs in
121 (21.0 %) patients. Six (1.0 %) anom-
alous origination of a coronary artery
from the opposite sinus (ACAOS) were
identified. Coronary ectasia or aneurysm
was present in 10 (1.7 %) patients. 109
intramuscular segments (MB) were found
in 100 (17.3 %) patients. Coronary hy-
poplasia was identified in 3 patients, all
involving the RCA, and 3 patients had
an absent left main coronary artery.
None of the segments with ACAOS (prox-
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imal segment) or MB had atherosclerotic

plaque.

Conclusion: CAAs were highly preva-
lent along the coronary tree, and anatom-
ical characteristics that might help stratify
the risk and guide therapy of CAAs could
be easily identified with CCTA.

introduction

During the past few years, several studies
have explored the prevalence and char-
acteristics of coronary artery anomalies
(CAAs) by means of multiple diagnostic
methods. Originally, CAAs have been
reported in pathological studies, with its
inherent limitations since its population
is obviously biased (1),(2). Subsequently,
echocardiographic and conventional se-
lective angiographic studies have report-
ed the prevalence of CAAs non-invasively
and invasively, respectively, in in-vivo set-
tings (3,4). Echocardiographic investiga-
tion, though, is limited for this purpose
since it can only identify the anomalous
origination of a coronary artery from the
opposite sinus of Valsalva (ACAQS), with-
out being able to describe the course of
the coronary arteries or the territory in-
volved, as well as other more frequent
types of CAAs (5). Moreover, echocar-
diography, even in children with a good
acustic window, can fail to detect some
cases of ACAOS (3). In a prospective

echocardiographic study of ACAQOS in
patients with preoperative angiographic
confirmation, five out of eight patients
with ACAOS and ostial stenosis were not
diagnosed (6).

Conventional angiography, in addition
to its invasive nature, is restricted for the
detection of CAAs for numerous reasons.
Angiography lacks the ability to differen-
ciate between high (i.e. interarterial) and
low (i.e. retroaortic) risk ACAQOS, as well
as the myocardial territory involved. Be-
sides, myocardial bridging (MB) is largely
underreported by conventional angiogra-
phy (7), probably due to the ability of the
technique to identify only MB that pro-

|II

duce the typical “milking” phenomenon.
Several additional CAAs with different
and heterogeneous presentations can be
found, including coronary artery ectasia
or aneurysms (CEA), which may induce
myocardial ischemia even without con-
comitant atherosclerotic disease (8). The
global prevalence of major and minor
CAAs remains a matter of debate since
populations between studies are widely
different.

aspects and limitations natural to most

In addition, methodological

techniques further influence the results.

Although it has been advocated that
CAAs should be reported as a whole (9),
few studies have reported the global inci-
dence of these findings. The purpose of



the present study was therefore to explore
the prevalence and characteristics of CAA
using high resolution computed tomogra-
phy coronary angiography (CCTA) in a
consecutive series of 599 patients.

Materials and
Methodls

Between October 2005 and Decem-
ber 2007, consecutive patients in sinus
rhythm, able to hold their breath for =
15 seconds, without history of contrast
related allergy, renal failure, arrhythmia,
or hemodynamic instability, and referred
for evaluation by computed tomography
coronary angiography (CCTA) in our in-
stitution, were prospectively studied for
the presence of CAAs. Patients with a
heart rate > 70 bpm received beta-block-
ers either as a single oral dose (atenolol
50 mg) 1 hour before the scan, or intra-
venously (propranolol T mg/min) inmedi-
ately before the scan.

CCTA Acquisition and
Analysis

Electrocardiographically gated scans were
performed using 40-row (324 patients)
and 64-row (253 patients) CT scanners
(Brilliance 40 and Brilliance 64, Philips,
the Netherlands). A bolus of 80-125 ml of
iodinated contrast material (Optiray®, lo-
versol 350 mg/ml, Mallinckrodt, St. Louis,

U.S.A)) was injected through an arm vein

at 5-6 ml/s. The scan parameters were a
collimation either 40 x 0.625 mm or 64
x 0.625 mm, rotation time 0.4 seconds,
tube voltage 120 kV, and mAs 600-1000.
A bolus tracking technique was used to
synchronize the arrival of contrast at the
level of the coronary arteries with the start

of acquisition.

Reconstructions were assessed using axial
planes, multiplanar reconstructions, vol-
ume rendering techniques, curved multi-
planar reconstructions, and maximum in-
tensity projections. In all patients, images
were reconstructed in end diastole (75 %
of the R-R interval) and image quality was
evaluated on a per segment basis. Where
images were judged to be suboptimal,
additional reconstruction windows (30 %,
40 %, 70 % and 80 %) were explored in
order to achieve optimal quality images.
Two experienced observers (GARG and
MAR) evaluated all scans.

Definition of CAA

The classification scheme of Angelini et
al. (10) was used to identify and catego-
rize CAAs. ACAOS were identified and the
type, path, and the presence of ostial ste-
nosis and atherosclerosis were reported
as previously described (10). Myocardial
bridging (MB) was identified as an intra-
muscular segment of a coronary artery.
As previously reported, segments covered
by a thin layer of muscle were included

since they may be compressed during
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systole (11). The location (mid LAD, dis-
tal LAD, diagonal, obtuse marginal, in-
termediate branch), path (deep septal,
superficial, right ventricle), length, and
the presence of atherosclerosis within the
host vessel and intramural segment were

evaluated.

Coronary ectasias were defined as non-
obstructive lesions of the epicardial coro-
nary arteries with a dilation 1.5- to 2.0-
fold of normal diameters, and coronary
aneurysms were defined as a dilations
exceeding 2.0-fold of normal diameters
(12).
(CEA) were classified as saccular when

Coronary ectasia or aneurysm

the transverse diameter was greater
than the lenght, and fusiform when the
longitudinal dilation was larger than the
transverse diameter. Dilated coronaropa-
thy was defined as bilateral fusiform CEA
involving both the right and left coronary
arteries (8).

Discrete variables are presented as counts
and percentages. Continuous variables
are presented as mean = SD. Compari-
sons among groups were performed us-
ing X2 tests. Statistical analyses were
performed with SPSS software, version
13.0 (Chicago, lllinois, USA).

Results

Five hundred and ninety nine consecutive
patients referred for evaluation by CCTA
were prospectively studied for the pres-
ence of CAAs. Twenty two patients (3.7 %)
were excluded due to poor image quality
and 1 (0.2 %) due to contrast extravasa-
tion, leading to a final study population
of 577 patients. Patients were studied as
control of stents or for screening due to
the presence of multiple risk factors (53
%), or due to chest pain, equivalent symp-
toms or inconclusive stress tests (47 %).
The mean age was 60.8+11.3 years and
81% were men. The mean heart rate im-
mediately before the scan was 61.1+7.4
bpm (range 40 to 93 bpm). The right
coronary artery was dominant in 87.1
% of cases, the left circumflex in 7.7 %
and there was codominance in 5.2 % of

cases.

Following the classification proposed by
Angelini et al. (10), CAAs were identified
in 121/577 (21.0 %) patients (Table T).
Twenty three percent of male patients
had CAAs, whereas 12.6% of female pa-
tients had CAAs (p=0.02).

Six ACAQS (1.0 %) were detected, 3 right
ACAOS (Figure 1) and 3 left ACAOS
(Figure 2). Clinical and anatomical fea-
tures of these patients are depicted in
Table 2. The mean age of patients with
ACAOS was 57%13 years. Most pa-
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TABLE 1. Coronary artery anomalies, n (%)

Total

Anomalous origination on the contralateral sinus (ACAOS)

Ectasia or aneurysm (CEA)
Myocardial bridging (MB)
Coronary hypoplasia

Absent left main coronary artery

Other (fistula, split LAD)

121 /577 (21.0 %)
6 (1.0 %)

10 (1.7 %)

100 (17.3 %)
3(0.5%)

3(0.5%)

2(0.3%)

One patient had simultaneous ACAOS and MB, and another patient had CEA and MB.

tients were males, clinical presentations
were diverse, and concomitant athero-
sclerotic disease was rare. Half of the
ACAOS had a retroaortic course and
half an interarterial course (between the
aorta and the pulmonary trunk). No pa-
tients had atherosclerotic disease at the
proximal segment. A 40 year-old patient
with no cardiovascular risk factors, atypi-
cal chest pain and positive thallium scan,
who underwent a conventional angiogram
in another center
that was reported as
normal, had the left
circumflex  ostium
at the right sinus of
Valsalva, with a ret-
roaortic course and
ostial stenosis with-
out evidence of ath-
erosclerosis. During
the angiogram, a
prominent diagonal
had been taken as a

normal LCX, since

the latter had its ostium 1.5 mm caudal
from ostium of the RCA (Figure 2) and
was therefore never engaged during the

angiogram.

Coronary ectasia or aneurysm (CEA) was
identified in 10 (1.7 %) patients. Charac-
teristics of patients with CEA are shown
in Table 3. Ninety percent were males.
In 2 patients, the CEA was saccular, in

4 patients was fusiform, in 1 patient was

FIGURE 1. Right coronary artery arising from the left sinus of Valsalva, with a interarte-
rial (between the aorta and the pulmonary artery) course, an acute angle take-off, and
ostial stenosis without evidence of atherosclerosis at the proximal segment.

(A full color version of this illustration can be found in the color section)
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TABLE 2. Patients with anomalous origination of a coronary artery from the opposite sinus

#1 #2 #3 #4 #5 #6
Sex M M M M M
Age 40 37 68 47 60 71
Asymptomatic - - - X -
Chest pain, atypical X X - - - -
Chest pain, typical - - X - X -
LCX from RCA - - - - X -
LCX from right sinus X - - - - X
RCA from left sinus - X X X - -
Retroaortic course X - - - X X
Interarterial (between Ao and PA) - X X X - -
Acute angle take off - X X X X X
Intramural location - - X - X -
Ostial stenosis 65 % 60 % 70 % 35% 0% 75 %
Proximal atherosclerosis No No No No No No
Distal atherosclerosis No No Yes No No No
Non-target vessel disease No No Yes No No Yes

saccular bilateral, and in other 3 was fu-  other patient was admitted to our hospital

siform bilateral (“dilated coronaropathy”)  for surgical intervention of a retroperito-
(Figure 3). One patient had a history of  neal tumor and suffered a hypertensive
cocaine use and bilateral aneurysms. An-  crisis with signs of acute heart failure dur-
ing surgery. A saccular
aneurysm of 8.5 mm
x 8.0 mm in the distal
left main trunk affect-
ing the ostium of the
left anterior descending
coronary artery, with no
evidence of coronary
atherosclerosis was de-
tected by CCTA (Figure
3 b). Another patient

FIGURE 2. Left circumflex arising from the right sinus of Valsalva, with a retroartic
course, ostial stenosis, and no evidence of coronary atherosclerosis along the
coronary tree. This patient had a previous angiogram deemed as normal, where a suffered from an acute
prominent diagonal was probably mistaken with the left circumflex.

(A full color version of this illustration can be found in the color section) myoca rdial infarction



TABLE 3. Patients with coronary ectasia or aneurysms (CEA)

Sex

Age

Cocaine use
Asymptomatic
Control of non target vessel stents
Chest pain

Type

Localization
Maximum diameter
Reference diameter
CEA atherosclerosis

Non-target lesion

#1
M
41

Sac
RCA
8.1
3.2
No
Yes

#2
M
51

Fus
RCA
6.6
3.0
No
Yes

#3
M
63

59
Yes
Yes

#4

66

FB

3V
6.4
2.7
No
No

#5

59

Sac
LM
8.7
3.0
No
No

#6

38

Fus
RCA
5.7
2.9
No
No

#7

50

25
Yes
Yes

#8

48

X
FB
3V
7.2
3.0
No
No

#9

73

No

#10

32

X

SB

PV, LAD
5.3

2.0

No

Yes

Sac refers to saccular, fus to fusiform, SB to saccular bilateral and FB to bilateral fusiform (“dilated coronaropathy”). RCA
refers to right coronary artery, 3V to 3-vessel, LM to left main, LCX to left circumflex, LAD to left anterior descending and

PV refers to posteroventricular.

FIGURE 3. Coronary ectasia
or aneurysms: A) Bilateral fusi-
form coronary ectasia (“dilated
coronaropathy”). On the right
panel, a curved multiplanar re-
construction shows difuse ecta-
sia of the distal right coronary
artery. B) Saccular aneurysm
of the distal left main coronary
artery with ostial stenosis of the
left anterior descending.

(A full color version of this
illustration can be found in the

color section)
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FIGURE 4. Myocardial bridging: A) deep septal type, B) superficial type, C) right ventricular type. In B, a severe non-calci-
fied lesion, can be seen on the proximal left main coronary artery.

due to oclusion of a fusiform coronary

artery aneurysm.

One hundred and nine intramuscular
segments (myocardial bridging, MB)
were identified in 100 (17.3 %) patients.
Characteristics of the MB are displayed
in Table 4 and Figure 4. MB was found
in 88/466 (18.9 %) of male patients and
in 12/111 (10.8 %) of female patients
(p=0.04). Most intramuscular segments
were located in the left anterior descend-
ing artery (67.0 %), whereas no MB was
located at the right coronary artery. Al-
though 71 (65.1%) patients had ath-
erosclerotic disease in the “host” vessel,
there was no evidence of atherosclerosis
within any MB segment. Nevertheless,
one patient had a previous stent in such

segment due to ischemia.

Coronary hypoplasia was identified in
3 patients, all involving the RCA, with a
large, dominant LCX (Figure 5). Three
patients had an absent left main coro-

nary artery (Figure 6).

Although the medical community has
been aware of the presence of coronary
artery anomalies (CAAs) for a long time
(1,2), the paucity of reports, the lack of
prospective studies and the conflicting
data regarding the prevalence of CAAs,
has created confusion about the true
prevalence as well as the clinical and
haemodinamic implications of these find-
ings. More recently, the ischemic mecha-
nisms of CAAs have been explored with



more detail in angiographi-
cal and post mortem stud-
ies (10). With the advent of
novel technologies such as
magnetic resonance coro-
nary angiography and CCTA,
non-invasive detection of all
CAAs can be accomplished
with high precision. CCTA
is an emerging technology
that has a high sensitivity
and specificity for the detec-

FIGURE 5. Coronary hypoplasia of the right coronary artery. A very large
left circumflex is dominant. Note a severe lesion at the distal left anterior
descending coronary artery.

tion of significant epicardial
coronary atherosclerosis, as
well as an effective method
to evaluate the extent and distribution of
non-significant lesions in the coronary
tree (13-15). In addition, CCTA can ac-
curately characterize the sinus of Val-

TABLE 4. Myocardial bridging

Total
Location
Mid LAD
Distal LAD
Obtuse marginal
Diagonal
Intermediate branch
Lenght

MB without atherosclerosis, within diseased vessel
MB without atherosclerosis, within normal vessel
MB with atherosclerotic diasease or stent
Left anterior descending MB, Type

Deep septal

Superficial

Right ventricle

salva, the distal coronary beds, and the
myocardium itself (16). Although a pre-
vious study has reported the prevalence
and anatomical features of MB by means

109 in 100 patients (17.3 %)

49 (45.0 %)
24 (22.0 %)
20 (18.3 %)
12 (11.0 %)
4(3.7 %)
24.5x13.0 (range 7.0 to 71.4 mm)

71 (65.1 %)
37 (33.9 %)
1 (0.9 %)

16 (21.6 %)
39 (52.7 %)
19 (25.7 %)
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FIGURE 6. Absence of left main coronary artery. The left anterior descending

and the the left circumflex clearly arise from independent ostia at the left sinus of
Valsalva.
(A full color version of this illustration can be found in the color section)

of CCTA (11), the present study reports
for the first time the prevalence and char-
acteristics of all (major and minor) CAAs
in consecutive series of 577 adults using
CCTA. ldentification of CAAs was feasi-
ble and straightforward using CCTA. We
found a high prevalence of CAAs (21 %),
being MB the most frequent finding as

expected.

Anomalous Origination of

a Coronary Artery from the
Opposite Sinus (ACAO0S)

With a prevalence ranging from 0.2 to
1.0 % (17), the anomalous origination of
a coronary artery from the opposite sinus
of Valsalva (ACAQS), represents a com-
mon cause of sudden cardiac death in
the young population, particularly in in-
dividuals that undergo strenuous exercise

(18). Unfortunately, since most patients

with ACAOS are as-
ymptomatic (less than
one third of patients
chest

develop pain,

syncope, palpitations,
dyspnea), the diagnosis
is usually made post-
mortem (19-21). In our
series, similar to previ-
ous reports (10), the
prevalence of ACAOQOS
was 1 %, and 5 out of 6
patients were males. Of
note, one patient had
previously undergone a
coronary angiography which was errone-
ously deemed as normal. Most segments
with  ACAOS displayed ostial stenosis.
Nevertheless, none of the proximal seg-
ments of ACAOS had atherosclerosis.
As proposed by Angelini et al.(9), such
discordance might be explained by the
coronary hypoplasia commonly seen in
proximal segments of ACAOS.

CCTA evaluation allowed the identifica-
tion of the ostium of the anomalous coro-
nary arteries, the presence of atheroscle-
rosis, intramural segments, ostial stenosis
and/or acute angle take-off. In addition,
we were able to differentiate between

high (i.e. interarterial) and low (i.e. ret-
roaortic) risk ACAOS.

The choice of therapy (medical, stent im-

plantation or surgical repair) depends on



the ACAOS type (right or left), symptoms,
presence of ostial stenosis, course, myo-
cardial territory involved, and the pres-
ence of reversible ischemia (9). Accord-
ingly, since CCTA can provide valuable
information regarding the type, origin,
stenosis, course and territory involved of
ACAQS, this technique might be a useful
tool to guide therapy in such patients.

Myocardial Bridging (MB)

MB has been recognized as minor CAA
(10). stud-
ies are largely discordant regarding the

Pathological and clinical
prevalence of MB, ranging from 15 % to
85 % in post mortem series (22-24) and
from 0.5% to 2.5% in angiographic series
(7,25,26). Although MB is in most cases
an incidental finding during coronary an-
giography, several authors have reported
an association between MB and ischemic

events, including myocardial infarction
and sudden death (27).

In our study, MB was predominantly
found in males, and the mid LAD was
the most common location (45 %), al-
though secondary branches were not
uncommon. In line with previous reports,
the right coronary artery was protected
from MB (11,27). Of note, deep septal
MB were the least common type. This
might partially explain the underestima-
tion of MB by conventional angiogra-
phy. The prevalence of MB in our series

would have been of 2.7 %, ie. similar to

the prevalence reported in angiographic
studies (7,25,26) if we had taken into ac-
count only deep septal MB. Experimen-
tal studies have shown that the length
of a coronary narrowing has an impact
on the hemodynamics (28). In our study,
the mean length of the intramuscular
segments was 24.5 mm. It is noteworthy
that out of 109 intramuscular segments,
none of them had atherosclerotic disease
within the tunneled segment. Recently, a
number of studies demonstrated that the
average and maximal peak velocity mea-
sured by intracoronary Doppler within the
tunneled segment was more than twice
as high as the velocity at the proximal
and distal segments (27). Accordingly,
the lack of atherosclerosis might be po-
tentially attributed to the high shear stress
and, hence, laminar flow present within
the tunneled segments. In turn, athero-
sclerosis has a tendency to arise more
frequently in low-oscillatory shear stress
regions, where there is a loss of the physi-
ological flow-oriented alignment of the
endothelial cells (29-31).

Coronary Ectasia or
Aneurysms (CEA)

Even in angiographically normal coronary
arteries, patients with CEA can develop
myocardial ischemia and/or myocardial
infarction. This has been shown by Kru-
ger et al. (8), who demonstrated exer-
insufficient

cise-induced ischemia and

vasoconstriction in patients with non-
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atherosclerotic  dilated coronaropathy,
thus enforcing the concept of endothelial
dysfunction associated with CEA. The an-
giographic incidence of CEA in diagnostic
cardiac catheterizations has been found
to vary between 0.3% and 4.9% (32-35).
CEA are caused by atherosclerosis in 50
% of the cases, whereas 30 % are usu-
ally congenital and only 10 % to 20 % of
CEA are related to inflammatory or con-
nective tissue disorders (12,35). In our
series, we identified 10 (1.7 %) patients
with CEA (1.7 %), and only 20 % of CEA
had evidence of atherosclerotic plaque by
CCTA, although 50 % of the patients had
atherosclerosis elsewhere along the coro-
nary tree. In agreement to the available
reports (2), CEA were largely (90 %) more
frequent in males than females. Of note,
the only female with CEA, with bilateral
aneurysms, had a history of cocaine use.
The association between cocaine use and
CEA has been described recently by Sa-
tran et al. (2), who found that 30 % of
cocaine users had coronary artery aneu-
rysms, typically bilateral.

Clinical Implications

To our knowledge, the present study re-
ports for the first time the prevalence and
characteristics of all CAAs in a consecu-
tive series of patients using CCTA. Iden-
tification of CAAs by CCTA was feasible,
and anatomical characteristics that might
help stratify the risk and guide therapy
of CAAs could be easily identified. We

found a high prevalence of CAAs along
the coronary tree. With a worldwide in-
creasingly growing use of CCTA for the
detection of coronary artery stenosis and
its indications in constant expansion, and
since identification of CCAs does not re-
quire any modification from standard
scan protocols, the findings of the present
study should encourage CCTA specialists
to routinely explore for the presence of
CAAs. In turn, provided that scans would
specifically be performed to search for
CAAs, tube modulation techniques might
be applied to reduce radiation dose to lev-
els comparable to conventional angiogra-
phy (36,37). It is noteworthy that none of
the segments with ACAOS (n= 6) or MB
(n=109) had proximal atherosclerosis.
As aforementioned, this might potentially
be due to the smaller reference diameter
at such segments and hence increased
shear stress, leading to protection from
atherosclerosis. Given the paucity of data
regarding the natural history of CAAs,
large multicenter CCTA registries that
provide unique prognostic information of
CAAs are warranted.

Limitations

The present was an observational study,
and the findings were not systematically
confirmed by conventional angiography.
However, CCTA has been validated as an
accurate diagnostic tool to evaluate the
coronary tree (13). Since the study popu-
lation was mainly constituted by adult



patients referred for cardiovascular study,
we cannot consider the sample as normal
or unselected. Due to the observational
nature of the study, we lack cause-effect
mechanisms to explain the ethiology of
coronary ectasia. Similarly, we did not
systematically perform functional tests

in order to evaluate the haemodinamic
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UFPOSe: To retrospectively
compare sensitivity and specificity of four
generations of multidetector computed
tomographic (CT) scanners for diagnos-
ing significant (=50%) coronary artery
stenosis, with quantitative conventional

coronary angiography as reference stan-
dard.

Materials and Methods: The
institutional review board approved this
study. All patients consented to undergo
CT studies prior to conventional coronary

angiography, after they were informed of

Pugliese F, Mollet NR,

Hunink MGM, Cademartiri F, Nieman K,
van Domburg R, Meijboom WB,
Weustink AC, Dijkshoorn ML,
de Feyter PJ.

Radiology 2008; 246:384-393.

the additional radiation dose, and to the
use of their data for future retrospective
research. Two hundred four patients (157
men, 47 women; mean age, 58 years
11 [standard deviation]),
in four groups of 51 patients each, un-

-+

classified

derwent coronary CT angiography with
four-section, first- and second-generation
16-section, and 64-section CT scan-
ners. Patients in sinus rhythm scheduled
for conventional coronary angiography
(stable angina, atypical chest pain) were
included. Patients with bypass grafts and
stents were excluded. Two readers un-
aware of results of conventional coronary

angiography evaluated CT scans. Coro-
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nary artery segments of 2 mm or larger in
diameter were included for comparative
evaluation with quantitative coronary an-
giography. Sensitivity, specificity, positive
predictive value (PPV), and negative pre-
dictive value (NPV) for detection of signif-
icant stenoses (=50% luminal diameter

reduction) were calculated.

Results: Image quality was rated poor
for the following percentages of coronary
artery segments: 33.1% at four-section
CT, 14.4% at first-generation 16-section
CT, 6.3% at secondgeneration 16-section
CT, and 2.6% at 64-section CT. Sensitiv-
ity, specificity, PPV, and NPV, respectively,
were as follows: 57%, 91%, 60%, and
90% at four-section CT; 90%, 93%, 65%,
and 99% at first-generation 16-section
CT, 97%, 98%, 87%, and 100% at sec-
ond-generation 16-section CT; and 99%,
96%, 80%, and 100% at 64-section CT.
Diagnostic performance of four-section
CT was significantly poorer than that of
second-generation 16-section CT (odds
ratio = 4.57) and 64-section CT (odds
ratio = 2.89).

Conclusion: Diagnostic performance
of coronary CT angiography varies among
scanners of different generations. Earlier-
generation scanners (four sections) had
significantly poorer performance; perfor-
mance of 16- compared with 64-section
CT scanners showed progressive, al-

though not significant, improvement.

introduction

Coronary multidetector computed tomo-
graphic (CT) angiography is an emerg-
ing technique that allows noninvasive
detection of significant coronary steno-
ses (=50% luminal diameter reduction)
(1,2). After the initial promising results
obtained with four-section CT scanners,
progressively higher temporal and spa-
tial resolutions have been achieved by
increasing gantry rotation speed and the
number of detector rows and by reduc-
ing individual detector size (3-6). This
achievement was obtained through vari-
ous configurations, including six-, eight-
, 10-, 12-, 16-, 32-, 40-, 64- and 256-
section CT scanners. With the exception
of 256-section CT, several studies have
been published in which the diagnostic
performance of each CT scanner is ex-
plored separately (7-22). The purpose of
our study was to retrospectively compare
the sensitivity and specificity of four gen-
erations of multidetector CT scanners for
diagnosis of significant (=50%) coronary
artery stenosis by using quantitative con-
ventional coronary angiography as the
reference standard.
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General Stucdy Design

This study was designed as a retrospective
evaluation of the diagnostic performance
of a four-section CT scanner (Somatom
Plus 4 VolumeZoom; Siemens, Erlangen,
Germany) from February 2000 to Janu-
ary 2002; a first-generation 16-section
CT scanner (Somatom Sensation 16; Sie-
mens) from April 2002 to May 2003, fea-
turing 12 sections per rotation in cardiac
protocols; a second-generation 16-sec-
tion CT scanner (Somatom Sensation 16
Straton; Siemens) from July 2003 to April
2004; and a 64-section CT scanner (So-
matom Sensation 64 Cardiac Configura-
tion; Siemens) from May 2004 to March
2006. Multisection CT was performed to
detect significant (=50% luminal narrow-
ing) coronary stenoses by using conven-
tional coronary angiography with quan-
titative stenosis assessment (quantitative
coronary angiography) as the reference
standard (23). As a result of z-flying fo-
cal spot technology, with the 64-section
system, 64 sections per rotation were ac-
quired with a 32-row detector array.

The institutional review board approved
our study and was made aware of the ad-
ditional radiation dose. All patients con-
sented to undergo the CT studies prior to
conventional coronary angiography after

they were informed of the additional ra-

diation dose and its risks. They also con-
sented to the use of their data for future

retrospective research.

Patients
A total of 204 patients (157 men, 47
women; mean age, 58 years = 11 [stan-

dard deviation]) with stable angina pec-
toris or atypical chest pain underwent
coronary multidetector CT angiography
a mean of 7 days * 3 prior to conven-
tional coronary angiography. The first 51
consecutive patients examined with each
CT scanner were included in four equally
sized groups and were scheduled for con-
ventional coronary angiography on the
basis of their clinical status (Figure 1).
Patients with bypass grafts and coronary
stents were excluded.

Patient Preparation

Patients without a contraindication to
beta-adrenergic blocking agents (overt
heart failure and atrioventricular conduc-
tion abnormalities) and with initial heart
rates higher than 65 beats per minute
received a single oral dose of 100 mg
of metoprolol (Selokeen; Astra Zenecq,
Zoetermeer, the Netherlands) 1 hour be-
fore CT.

Scan Protocol and Image
Reconstruction

All patients underwent unenhanced CT
for determination of calcium score be-

fore CT angiography, and the parameters
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Patients with chronic stable angina or atypical chest pain

!

Was patient referred for catheterization
on clinical basis?

|
Y v

No Yes

|

Did patient consent to undergo CT prior
to catheterization?
|
v ¥

No Yes

|

Did patient have coronary stents

or bypass grafts?
¥ y
Yes No

|

Inclusion of first 51 patients for each
scanner generation

FIGURE 1. Flow diagram shows inclusion criteria for the study.

used with each scanner are presented in
Table 1. Images were reconstructed by
using a monosegmental electrocardio-
graphically gated reconstruction algo-
rithm. For this algorithm, data are used
from a single heartbeat obtained during
half-gantry rotation, resulting in a tem-
poral resolution equal to half of the rota-
tion time. Data sets were reconstructed
during the interval between the mid- and
end-diastolic phases (eg, 300, 350, 400,
and 450 msec before the next R wave).
We also reconstructed data sets during
the end-systolic phase (between 25% and

35% of the R-R interval). Me-
dium-sharp convolution ker-
nels (B30f) were used for im-

age reconstruction.

Quantitative
Coronary
Angiography
One observer (C.V.M., with 10
years of experience in coronary
angiography) who was un-
aware of the CT results identi-
fied coronary artery segments
on the conventional coronary
angiogram by following a 17-
segment modified American
Heart Association classifica-
tion model (24). These seg-
ments were as follows: The
right coronary artery included
segment 1, proximal segment;
segment 2, middle segment;
segment 3, distal segment; segment 4q,
posterior descending coronary artery; and
segment 4b, posterolateral artery. The left
main coronary artery was segment 5. The
left anterior descending coronary artery
included segment 6, proximal segment;
segment 7, middle segment; segment 8,
distal segment; segment 9, first diagonal
segment; and segment 10, second diag-
onal segment. The circumflex branch of
the left coronary artery included segment
11, proximal segment; segment 12, first
marginal segment; segment 13, middle

segment; segment 14, second marginal
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Table 1. Scan protocol with scanners of generations

1st generation 2nd generation

Four section 16section 16-section 64-section
scanner scanner scanner scanner
No. of detectors and section thickness (mm) 4x1 12x0.75 16x0.75 32x2x0.6
Rotation time (ms) 500 420 375 330
Tube current-time product (mAs) 300 400-450 500-600 800-900
Tube voltage (kV) 120 120 120 120
Table feed per rotation (mm) 1.5-2¢ 3 3 3.8
Scan time (s) 35-45 19-22 18-20 12-14
Contrast agent lomeprol ® lodixanol ¢ lomeprol ® lomeprol ®
volume (ml) 150 120 100 100
concentration (mgl/ml) 350 320 400 400
injection rate (ml/s) 35 4 4 5
Reconstruction thickness (mm) 1.25 1.00 1.00 0.75
Reconstruction increment (mm) 0.6 0.5 0.5 0.4
Estimated exposure (mSv) ¢ 5-8 8-9 11-16 15-20

a Table feed increased to 2 for HR>65 beats/minute
b lomeron, Bracco , Milan, Italy
c Visipaque, GE Healthcare, Eindhoven, the Netherlands

d WinDose, Institute of Medical Physics, Erlangen, Germany

segment; segment 15, distal segment;
and segment 16, intermediate branch.
Stenoses were evaluated and classified
as significant if the mean luminal narrow-
ing was 50% or greater by using a vali-
dated quantitative coronary angiographic
algorithm (Cardiovascular Angiography
Analysis System, CAAS IlI; Pie Medical
Imaging, Maastricht, the Netherlands).

CT Image Evaluation

Independent review of the CT scans was
performed by two readers (N.R.M., EC,,
with 3 years of experience each in cardiac

radiology) who were blinded to the results

of conventional coronary angiography
and quantitative coronary angiography.
All images from studies were evaluated at
an off-line workstation (Leonardo VB30A;
Siemens). Disagreement between both
observers was resolved with consensus.
All available coronary segments were
identified by following the 17-segment
American Heart Association model used
for the evaluation of conventional angio-
grams (24). Image quality was classified
as good (defined as the absence of any
image-degrading artifacts related to mo-
tion, calcification, or noise), adequate (de-

fined as the presence of image-degrading
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artefacts but with evaluation possible with
moderate confidence), poor (defined as
the presence of image-degrading arte-
facts but with evaluation possible with low
diagnostic confidence), or nonevaluable

(defined as no evaluation possible).

CT images were visually classified for the
presence of significant stenosis by using
multiplanar reconstruction and curved
multiplanar reconstruction; blood vessels
with a diameter of 2 mm or larger were
considered, because of their clinical rel-
evance and because they are amenable

to revascularization.

Statistical Analysis

Statistical analysis was performed by
using commercially available software
(Stata, version 8.2 for Windows; Stata-
Corp, College Station, Tex). Results were
reported in accordance with the Stan-
dards for Reporting of Diagnostic Accu-
racy, or STARD, criteria (23). Quantita-
tive variables were expressed as means
+ standard deviations, and categoric
variables were expressed as frequencies
or percentages. The percentages of sig-
nificant stenoses and of cardiovascular
risk factors were compared among the
groups by using the chi squared test. The
Kruskal-Wallis nonparametric test was
used to compare ordinal variables, such
as the number of risk factors and severity
of coronary artery disease (defined as the

number of blood vessels with significant

stenoses). Analysis of variance was used
to compare ages, heart rates, and log-
transformed Agatston calcium scores.
The log-transformed Agatston calcium
scores were used because the calcium
scores demonstrated a skewed distribu-
tion. A difference with P < .01 was used
as the level of significance to account for

multiple testing.

To compensate for uninterpretability bias
caused by the presence of excluded seg-
ments (25, p 104), diagnostic perfor-
mance in the four-section CT group was
evaluated by using the multiple imputa-
tion function. Analysis of missing values
was performed with the statistical pack-
age, and the results of coronary CT an-
giography in excluded segments were
obtained as a function of the patient’s
age, sex, and available CT angiographic
findings.

We calculated sensitivity, specificity, posi-
tive predictive value (PPV), and negative
predictive value (NPV) of coronary CT an-
giography for the detection of significant
coronary artery stenosis, with the corre-
sponding 95% confidence intervals (Cls).
These parameters were computed (a)
per patient, (b) per segment, and (c) per
location, that is, for proximal segments,
middle segments, and distal segments
or side branches. Segments 1, 5, 6, and
11 were defined as proximal segments;

segments 2, 7, and 13 were defined as
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middle segments; and segments 3, 4aq,
4b, 8,9, 10, 12, 14, 15, and 16 were de-
fined as distal segments or side branches
(24). Two additional sensitivity analyses
were performed to explore the effect of
the clustered nature of the data, in that
the data consisted of multiple potentially
correlated observations (ie, segments) per
patient. First, we reanalyzed the results
for all segments by using generalized es-
timating equations, with the assumption
of a binomial distribution of the depen-
dent variable, a logit-link function, the
patient as cluster, an equal-correlation
model within each cluster, and the robust
sandwich estimator of the variance (25, p
157,26,27). Subsequently, we reanalyzed
the data by using the bootstrap approach,
with the patient as cluster, sampling with
replacement, performing 1000 replica-

tions, and analyzing the bias-corrected

95% ClI (25, p 168;28).

Finally, we used the generalized estimat-
ing equation approach with a logit-link
function on segment data to explore the
strength of association between conven-
tional coronary angiography and coro-
nary CT angiography adjusted according
to the generation of the CT scanner. In
this analysis, conventional coronary angi-
ography was considered as the dependent
variable, defined as one, meaning the
presence of a 50% or greater luminal ste-
nosis, and as zero, meaning the absence

of a 50% or greater luminal stenosis; the

CT scanner type was considered as the
explanatory variable, and a difference
with P < .05 was considered significant.
Interobserver agreement for the detec-
tion of significant coronary stenosis was
determined by calculating the k statistic.
The k values that were less than 0.20
were considered to indicate poor agree-
ment; those between 0.21 and 0.40 indi-
cated fair agreement; those between 0.41
and 0.60 indicated moderate agreement;
those between 0.61 and 0.80 indicated
good agreement; and those greater than

0.81 indicated very good agreement.

Results

Clinical Data

No patients were excluded because of
a high Agatston calcium score (Table
2). The overall agreement between ob-
servers in detecting significant coronary
stenoses was good: k values were 0.65
for four-section CT scanners; 0.69 for
first-generation 16-section CT scanners;
0.72 for second-generation 16-section
CT scanners; and 0.73 for 64-section CT

scanners.

Prevalence of Disease

The prevalence of disease was defined as
the number of significant stenoses detect-
ed at conventional coronary angiography
and was as follows: 0.13 lesion per seg-
ment in the four-section CT group, 0.13
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TABLE 2. Clinical presentation, severity of coronary artery disease, heart rates and medication use in 51 patients per group

Four- First Second

h . . 64-section
Characteristic section generation  generation scanner P value
scanner  16-scanner  16-scanner
group group group group
Demographics
Age (y) a 56 = 10 59 £ 12 59«10 59 £ 11 0.73%
Sex 0.85¢
No. of men 40 41 37 39
No. of women 11 10 14 12
Cardiovascular risk factors
Obesity ¢ 13 (25) 14 (27) 10 (20) 14 (27) 0.79 ¢
Smoking 12 (24) 14 (27) 15 (29) 14 (27) 0.95¢
Hypertension 21 (41) 27 (53) 19 (37) 16 (31) 0.16¢
Serum cholesterol >200 mg/dL © 23 (45) 22 (43) 24 (47) 25 (49) 0.97 ¢
Diabetes mellitus 9(18) 10 (20) 9(18) 7 (14) 0.92¢
Family history 14 (27) 15 (29) 13 (25) 12 (24) 0.63¢
No. of risk factors 0.44f
0 7 (14) 10 (20) 12 (24) 11 (22)
1 12 (24) 10 (20) 15 (29) 7 (14)
2 14 (27) 10 (20) 8 (16) 16 (31)
=3 18 (35) 21 (41) 16 (31) 17(33)
No. of di d blood vessel 0.95f
0 13 (25) 13 (25) 13 (25) 12 (24)
1 13 (25) 15 (29) 14 (27) 17 (33)
2 16 (31) 14 (27) 15 (29) 13 (25)
7 (14) 7(14) 5(10) 8 (16)
Disease of left main artery 3(6) 2(4) 5(10) 1(2) 0.42°¢
Preparation and monitoring
Use of beta-blockers before scanning 28(55) 31(61) 25(49) 31(61) 0.48 ©
Heart rate during scanning a (beats/min) 57+7 56 +6 575 587 0.47°
Agatston calcium score ° 412 =513 457 + 445 397+ 593 440 + 589 0.34¢

Note - Data are numbers of patients except where indicated otherwise. Numbers in parentheses are percentages, which
were calculated on the basis of 51 patients in each group and were rounded.

a Data are the mean + standard deviation.

b One-way analysis of variance.

c Chi squared test.

d Obesity was defined as a body mass index of 30 kg/m? or greater.
e Sl unit conversion for 200 mg/dL is 5.18 mmol/L.

f Kruskal-Wallis nonparametric test.

g One-way analysis of variance on log-transformed calcium scores.
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TABLE 3. Causes of unevaluable segments and poor image quality.

First Second
Four-section generation generation 64-section
scanner 16-scanner 16-scanner scanner
Cause group group group group
Unevaluable segments °© 25.6 (136/532) 0 0 0
Segments with poor image quality ° 7.5 (40/532) 14.4 (85/590) 6.3 (38/607) 2.6 (14/537)
Total % (ratio) 33.1(176/532) 14.4 (85/590) 6.3 (38/607) 2.6 (14/537)
Calcification
% (ratio) 25.0 (44/176) 55.3 (47/85)  76.3 (29/38) 85.7 (12/14)
Motion
% (ratio) 51.1 (90/176) 27.1 (23/85) 23.7 (9/38) 14.3 (2/14)
Low Contrast-to-noise ratio
% (ratio) 23.9 (42/176) 17.6 (15/85) 0 0

Note - Data are percentages. Numbers in parentheses were used to calculate the percentages.

a Segments were excluded from evaluation
b Segments were not excluded from evaluation

lesion per segment in the first-generation
16-section CT group, 0.12 lesion per seg-
ment in the second-generation 16-section
CT group, and 0.16 lesion per segment in
the 64-section CT group. No significant
difference was found among the groups
(P = .55).

Iimage Quuality

One-fourth (25.6%, 136 of 532) of coro-
nary segments with a diameter of 2 mm
or larger were classified as unevaluable
in the group examined with four-section
CT scanners (Table 3, Figure 2). Of these
136 unevaluable segments, 34 (25%)
were proximal segments (segments 1,
5, 6, and 11), 57 (42%) were middle
segments (segments 2, 7, and 13), and
45 (33%) were distal segments or side

branches (segments 3, 4aq, 4b, 8, 9, 10,
12, 14, 15, and 16) (24). When newer-
generation (16- and 64-section) scanners
were used, no segments were judged un-

evaluable.

Diagnostic Performance

Four-section CT data were corrected for
uninterpretability bias as described earlier
(25, p 104) (Tables 4, 5; Figures 3, 4).
Including vessels with a diameter smaller
than 2 mm, the sensitivity, specificity, PPV,
and NPV for 64-section CT calculated at
a segmental level were 98%, 95%, 75%,
and 99%, respectively; these values were
100%, 91%, 97%, and 100%, respective-
ly, at a patient level. Results of the sen-
sitivity analysis in which we explored the

effect of the clustered nature of the data
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FIGURE 2. Example of image quality obtained with scanners of various genera-
tions at heart rate of approximately 60 beats per minute. Transverse CT images

64-section and second-
generation 16-section CT
scanners) is better than
that with four-section CT

scanners.

A surprising finding was
that sensitivity, specificity,
and NPV obtained with
second-generation  16-
section and 64-section
CT scanners were similar.
A possible explanation for
this result is that our eval-
uation with 16-section
coronary CT angiography
was restricted to vessels

of 2 mm or larger in di-

obtained through the left main (arrowhead) and left anterior descending (arrow)

arteries in (A) 60-year-old man with heart rate of 59 beats per minute examined
with four-section CT scanner, with poor image quality; (B) 58-year-old man with
same heart rate as patient in a examined with first-generation 16-section CT

scanner, with adequate image quality; (C) 61-year-old man with heart rate of 60

ameter, and this result is
in keeping with the find-
ings reported by others

beats per minute examined with second-generation 16-section CT scanner, with

good image quality; and (D) 59-year-old man with same heart rate as patient in

(9-11,13,14,29).

C examined with 64-section CT scanner, with good image quality.

demonstrated practically identical results
(and 95% Cls), indicating that there was
a negligible correlation between observa-
tions within each patient.

Our study findings indicate that the di-
agnostic performance of coronary CT
angiography with the use of newer-gen-

eration scanners (ie, performance with

Sixty-four-section CT, how-
ever, has been reported to have the capa-
bility for assessment of coronary branch-
es smaller than 2 mm (16,18-20). In our
study, we showed that, when the entire
coronary tree was evaluated, the diag-
nostic performance was similar to the
performance when only vessels of 2 mm

or larger in diameter were included.

The absolute frequency of coronary seg-
ments affected by poor image quality,

whatever its cause (ie, calcification, mo-
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TABLE 5. Strength of the Association between Conventional Angiography and CT Findings Corrected by the CT Methods
Calculated by Using the Generalized Estimating Equation Approach

Method comparison
64-section vs 4-section
Second-generation 16-section vs 4-section CT

First-generation 16-section vs 4-section CT

a Significant value

tion, or low contrast-to-noise ratio), de-
creased progressively as the number of
sections of the scanners increased from
four to 64. However, the decrease in mo-
tion and low contrast-to-noise ratio pre-

dominated over the decrease in calcifica-

odds ratio 95% CI
2.89¢ 1.34-6.23
457 © 1.81-11.5
1.23 0.64-2.34

coronary calcification as a cause of poor
image quality increased as the number of
sections of the scanners increased from
four to 64 as a consequence of the de-
crease in the percentage of motion and
low contrast-to-noise ratio.

tions. For this reason, the percentage of

1.0 > 1.0
- o7f 99 - O gy
> 9 .90 ] .9._91% 93t
= T
o 8 O 8
p-d |
w7 a 7
%) n
o ©ls7 &)
X 5 3\3 5
3 4 2 4
' 4 16(1st) 16(2nd) 64 ' 4 16(1st) 16(2nd) 64
1.0 1.0
1.0 1.0 g1l
9 9190¢
> >
g 87 P
o 8 .80 z 8
o 7 o7
<o 65 X
% .61.60 6
5 5
4 4
4 16(1st) 16(2nd) 64 4 16(1st) 16(2nd) 64

FIGURE 3. Diagnostic performance parameters calculated at segmental level (all segments =2mm in diameter). Seg-
mental sensitivity, specificity, PPV, and NPV obtained with four-section, first-generation 16-section, second-generation
16-section, and 64-section CT scanners are plotted with 95% Cls (error bars). A general performance improvement is seen
as the number of sections of the scanners increases from four to 64. Sensitivity and NPV of four-section CT scanner are
significantly lower than those obtained with other scanners, as shown by nonoverlapping 95% Cls. PPV for four-section CT
scanner is significantly lower than that for second-generation 16-section and 64-section CT scanners.
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FIGURE 4. Diagnostic performance parameters calculated at patient level. Per-patient sensitivity, specificity, PPV, and NPV
obtained with four-section, first-generation 16-section, second-generation 16-section, and 64-section CT scanners are
plotted with 95% Cls (error bars). NPV of 16- and 64-section CT scanners is 100%. Sensitivity of four-section CT scanner
is significantly lower than that obtained with other scanners, whereas some overlap of 95% Cls is observed for remaining

parameters.

Previously, the trade-off for improved di-
agnostic performance and clinical reli-
ability was increased radiation exposure
(30,31).

cally controlled dose modulation is now

However, electrocardiographi-

available with all scanners. Dose modula-
tion involves nominal tube output during
diastole, accompanied by a reduction in
tube output during systole. The result is
a total dose reduction of 30%-50%, de-
pending on the patient’s heart rate. The
introduction of dual-source CT scanners
(32) heralds potential additional benefits

with respect to a decrease in x-ray expo-
sure as the pitch increases at higher heart
rates, leading to a reduction in the exami-
nation time and the radiation dose to the
patient. Moreover, the improved temporal
resolution of these systems suggests that
pharmacologic control of the heart rate

will become unnecessary.

Our study had limitations. Because we in-
cluded subjects referred for conventional
angiography, it was inevitable that there

would be a high prevalence of disease
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in the groups available for comparison.
Such a condition favors any test aiming
for high sensitivity (33). Moreover, be-
cause there was a high prevalence of dis-
ease, the differences among the various

generations of scanners may have been

somewhat reduced.

Another limitation was that our study was
conducted as a retrospective evaluation
of data acquired over time about different
patient cohorts. More important, how-

ever, the baseline characteristics (age,

1. Fox K, Garcia MA, Ardissino D, et al.
Guidelines on the management of stable
angina pectoris: executive summary—the
Task Force on the Management of Stable
Angina Pectoris of the European Society
of Cardiology. Eur Heart J 2006;27:1341-
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In conclusion, results of this study indicate
that the diagnostic performance of coro-
nary CT angiography with four-section
CT is inferior to that with 16-section CT.
The added value offered by 64-section
CT is high diagnostic performance in the
evaluation of the entire coronary tree.
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urpose: Multislice com-
puted tomography (CT) is an emerging
technique for the non-invasive detection
of coronary stenoses. While the diagnos-
tic accuracy of 4-slice scanners was lim-
ited, 16-slice CT imagers showed prom-
ising results due to increased temporal
and spatial resolution. These technical
advances prompted us to evaluate the
diagnostic performance of 64-slice CT
coronary angiography in the detection
of significant stenoses (defined as =50%
luminal diameter reduction) versus inva-

sive quantitative coronary angiography

(QCA).

Pugliese F, Mollet NR, Runza G,
van Mieghem C, Meijboom WB,
Malagutti P Baks T, Krestin GP
de Feyter PJ, Cademartiri F.

European Radiology 2006; 16:575-582.

Materials and methods: Thirty-
five patients with stable angina pectoris
underwent CT coronary angiography
performed with a 64-slice scanner (gan-
try rotation time 330 ms, individual detec-
tor width 0.6 mm) prior to conventional
coronary angiography. Patients with heart
rates >70 beats/min received 100 mg
metoprolol orally. One hundred millilitres
of contrast agent with an iodine concen-
tration of 400 mgl/ml were injected at a
rate of 5 ml/s into the antecubital vein.
The CT scan was triggered with the bolus

tracking technique.

Results: The sensitivity, specificity and
the positive and negative predictive values
of 64-slice CT were 99%, 96%, 78% and



Diagneostic performance of non-invasive 64-slice computed tomography
coronary angiography in patients with stable angina pectoris

99%, respectively, on a per-segment ba-
sis. The values obtained on a per-patient
basis were 100%, 90%, 96% and 100%,

respectively.

Conclusion: When referral to cath-
eterization is questionable, CT coronary
angiography may identify subjects with
normal angiograms and consistently de-
crease the number of unnecessary inva-

sive procedures.

introduction

Multislice computed tomography (CT)
coronary angiography is an emerging
technique that allows the non-invasive
detection of significant coronary steno-
ses. Various studies have been published
exploring the diagnostic performance of
CT coronary angiography using different
scanner generations [1-3]. Clinical ap-
plication of 4-slice CT coronary angiog-
raphy was limited, due to a considerable
number of non-assessable vessels (up to
39% of the included vessels) [4] as a re-
sult of a limited resolution and a relatively
long breath hold of approximately 40 s.
Sixteen-slice CT coronary angiography
showed an improved diagnostic accuracy
for the detection of significant stenoses
due to an increased temporal and spatial
resolution and shorter breath-hold time

(approximately 20 s) [5-11].

However, these studies only evaluated
coronary vessels with a luminal diameter
above 1.5 mm or 2.0 mm. Most recently,
a new generation of CT scanners was
introduced. These scanners render 64
slices per rotation and offer a temporal
resolution of 165 ms and an unprec-
edented spatial resolution of isotropic
0.4 mm3 [12]. These technical advances
prompted us to evaluate the diagnostic
performance of 64-slice CT coronary
angiography to detect significant steno-
ses (defined as =50% lumen diameter
reduction) in the entire coronary tree in
a patient cohort with stable angina pec-

toris.

Materials and
Methods

sSubjects

Thirty-five consecutive patients with stable
angina pectoris (21 men; mean age=SD:
61+10 years, range: 46-80 years) un-
derwent 64-slice CT coronary angiogra-
phy within 15 days prior to coronary cath-
eterisation. Patients exhibiting sinus heart
rhythm capable of holding their breath
for 15 s and without contraindications to
the administration of iodinated contrast
agents were prospectively included. Ex-
clusion criteria were the presence of ar-
rhythmias, previous bypass graft surgery
or percutaneous coronary intervention

with stent implantation. The study proto-
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TABLE 1. Scan parameters and technique of contrast agent administration.

Scan parameters

Gantry rotation time
Number of slices per rotation
Individual detector width
Table feed

Tube voltage

Tube current

330 ms
32x2
0.6 mm

3.8 mm/rotation
120 kV

900 mAs (no current modulation)

was triggered with a bolus

tracking technique.

Radiation exposure as-
sociated to this scan pro-
tocol, calculated using a
dedicated software pack-

age (WinDose, Institute
Contrast agent iomeprol, lomeron® 400 of Medical Physics, Er-
Volume 100 ml
langen, Germany), was
C trati 400 mgl/ml
oncentration mgl/m 15:20 mSv (male:female,
Injection rate 5 ml/sec

Injection site

Synchronization technique

col was approved by our institutional re-
view board and all patients gave informed

consent.

Patient Preparation Prior
to CT

Patients with pre-scan heart rates above
70 beats/min received a single oral dose
of 100 mg metoprolol 1 h prior to the CT

scan.

CT Scan Protocol

All patients underwent CT coronary an-
giography using a 64-slice CT scanner
(Sensation 64, Siemens, Forchheim, Ger-
many). The scan parameters used for CT
coronary angiography are detailed in Ta-
ble 1. A bolus of 100 ml contrast material
(iomeprol, lomeron 400, Bracco, Milan,
Italy) was injected into the antecubital

vein (flow rate 5 ml/s) and the CT scan

respectively).

Antecubital vein

Bolus-tracking

CT Image
Reconstruction
A retrospective ECG-gated technique was
used for image reconstruction. The imag-
es were reconstructed with data acquired
during a single heartbeat. The data sets
were reconstructed during the mid-to-
end diastolic phase, with reconstruction
windows set at —300 ms to —450 ms
before the next R-wave or 60% to 70%
of the R-R interval. In the case of insuf-
ficient image quality, additional recon-
structions during the end-systolic phase
(25% to 35% of the R-R interval) were
performed. When mildly irregular heart
rates were encountered, such as bundle
branch blocks or premature beats, the
temporal variability in the reconstruction
phase were compensated for manually
with ECG editing. Inaccurate detection of
the R waves was corrected and temporal
windows applied to premature beats were
deleted, filling the next diastolic interval
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with one or more temporal windows to
avoid data gaps. The reconstructed slice
thickness was 0.75 mm, with an incre-
ment of 0.4 mm. All of the CT data sets
were filtered with a medium-soft convolu-
tion kernel.

CT Image Analysis

The CT scans were scored by two expe-
rienced readers independently and were
blinded of the results of conventional
coronary angiography. Inter-observer
agreement was calculated. In the cases
of diverging opinions, an agreement was

reached by consensus.

The maximum intensity projections were
used in order to provide an anatomical
overview of the coronary arteries and to
identify side branches. Multi-planar re-
formatted images were used to visually
classify lesions as significant or non-sig-

nificant.

The image quality was evaluated on a
per-segment basis and classified as good
(absence of image-degrading artefacts
related to motion, calcification or noise),
adequate (presence of artefacts but im-
ages still suitable for evaluation, albeit
with moderate confidence) or poor (pres-
ence of severe image-degrading artefacts,
resulting in low diagnostic confidence).
Reasons accounting for poor image qual-
ity were identified in calcification of the

vessel wall, motion artefacts and low con-

trast-to-noise ratio. Calcification was rat-
ed as absent, small and isolated, dense
and eccentric or bulky. Motion artefacts
were defined as any blurring of the ves-
sel contour due to movement. A low con-
trast-to-noise ratio was recorded in cases
with scarce vessel enhancement, result-

ing in noisy images.

Quantitative Coronary
Angiography (QCA)

All coronary segments visualised at cath-
eterisation were included for comparison
with CT. The segments were classified ac-
cording to a modified 17-segment Ameri-
can Heart Association (AHA) model [13].
A single observer blinded to the CT re-
sults quantitatively evaluated the coro-
nary lumen of all coronary segments on
two projections using dedicated software
(CAAS, Pie Medical, Maastricht, The
Netherlands). Stenoses were scored as
significant in the case of a mean lumen
diameter reduction of =50% in two or-

thogonal projections.

Radiation exposure associated with diag-
nostic conventional angiography was 6:7
mSv (male:female, respectively).

Statistics

With QCA as the standard of reference,
the diagnostic accuracy of CT coronary
angiography for the detection of haemo-
dynamically significant lesions in coro-

nary arteries is expressed in terms of the
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sensitivity, specificity and the positive and

negative predictive values with the corre-

sponding 95% confidence intervals.

The diagnostic performance was calcu-
lated on a persegment, per-vessel (pres-
ence or absence of at least one significant
lesion along each of the major coronary
arteries) and per-patient (presence or
absence of any lesions in each patient)
basis.

Results

Prevalence of Disease and
Patient Co-Morbidity
Overall, 67 significant lesions were de-

tected by conventional coronary angiog-

TABLE 2. Synopsis of cardiovascular risk factors and medication in

the population.

Risk Factors

Smoking 7 (20%)
Hypertension 12 (34%)
Dyslipidemia 25 (71%)
Obesity 9 (26%)
Diabetes 7 (20%)
Family history 10 (29%)
Medication
Long-term beta-blockers 22 (63%)
Calcium-antagonists 6 (17%)
ACE-inhibitors 12 (34%)
Angiotensin |l-antagonists 3 (9%)
Lipid lowering therapy 24 (69%)
Previous PCl 3 (9%)

Frequency (Percentage)

raphy, resulting in a prevalence of 1.9 le-

sions per patient.

Conventional angiography revealed no
significant stenoses in 10 patients (29%).
Ten (29%) patients had T-vessel dis-
ease, 8 (23%) had 2-vessel disease and
7 (19%) had 3- vessel disease. No signifi-
cant left main disease was found in any

patient.

Patient co-morbidity and ongoing medi-
cation are reported in Table 2.

CT Results

Oral metoprolol was administered in 77%
(27/35) of the patients. As a result, the
average heart rate during the scan was
58+6 beats/min versus 68=9 beats/min

before the preparation.

The average scan time was 13%1
seconds (range 11-15 seconds).
No significant adverse reactions
to the contrast material were re-

corded.

After the acquisition of the angio-
graphic part of the scan, addition-
al reconstructions in the telesys-
tolic phase were obtained in 31%
(11/35) of the CT scans. ECG edit-
ing was necessary in 8% (3/35) of
the scans.
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A total of 494 coronary segments were
available for comparison between coro-

nary angiography and CT.

All except for one (66/67) significant cor-
onary stenoses were correctly identified at
CT. One false-negative result was scored
in the mid-portion of a left anterior de-
scending artery affected by calcification
and motion artefacts, and accounting for
a 52% stenosis at QCA.

CT image quality was judged to be good,
moderate and poor in 92% (455/494), 5%
(25/494), and 3% (14/494) of the includ-
ed segments, respectively. The reasons

for poor image quality and for incorrect

Causes of poor image quality

Causes of false positives + false negatives

e
/9

No artifacts (1/20)
””””” Motion (2/20)

’ Calcium (17/20)

CT findings are summarized in Figure 1.
The reasons for poor image quality affect-
ing the assessability of the right coronary
artery were motion artefacts (present in
7/7 segments), whereas a low contrast-
to-noise ratio hampered the evaluation of
posterior descending and posterolateral
arteries (2/2). Bulky calcifications of the
vessel wall causing a blooming effect and
partial volume averaging were the ma-
jor detrimental factors for the evaluation
of both the left circumflex (2/2) and the
left anterior descending (3/3, motion ar-
tefacts present in 1/3) arteries with their
branches. However, none of the coronary
segments were excluded from analysis
due to limited image quality.

Motion (7/14)

Calcium (5/14)

Low contrast-to-noise (2/14)

FIGURE 1. Image quality, arte-
facts and incorrect CT results.
Motion artefacts account for
half of the cases rated as being
of poor image quality, but only
for 2/20 cases of incorrect CT
findings. Calcification of the
vessel wall, either bulky, eccen-
tric or isolated, is associated to
17/20 falsely positive and falsely
negative CT results



TABLE 3. Accuracy of CT in individual coronary segments as classified by AHA [13]. Values are reported as
ratios and percentages, with in brackets 95% confidence intervals.

Sensitivity

Coronary segments

RCA 1
RCA 2
RCA3
PDA 4
Distal RCA/PL
LM 5
LAD 6
LAD 7
LAD 8
D9
D10
LCX 11
MO 12
LCX 13
MO 14
LCX 15
IB16

10/10=100% (72-100)
5/5=100% (54-100)
2/2=100% (29-100)
1/1=100% (16-100)
2/2=100% (29-100)
8/8=100% (66-100)
9/10=90% (59-98)
1/1=100% (16-100)
6/6=100% (59-100)
1/1=100% (16-100)
4/4=100% (48-100)
7/7=100% (63-100)
5/5=100% (54-100)
2/2=100% (29-100)

1/1=100% (16-100)

2/2=100% (29-100)

Specificity

24/25=96% (80-99)
22/23=96% (79-99)
23/25=92% (75-98)
26/26=100% (87-100)
18/19—=95% (75-99)
35/35=100% (90-100)
26/27=96% (82-99)
21/23=91% (73-97)
32/32=100% (89-100)
22/27=81% (63-92)
20/21=95% (77-99)
31/31=100% (89-100)
26/28=93% (77-98)
27/29=93% (78-98)
23/23=100% (86-100)
22/22=100% (85-100)
10/11=91% (62-98)

Positive
Predictive Value

10/11=91% (62-98)
5/6=83% (42-96)
2/4=50% (15-85)

1/1=100% (16-100)
2/3=67% (19-93)
8/9=89% (55-97)
9/11=82% (52-95)

1/1=100% (16-100)

6/11=55% (28-79)

1/2=50% (9-91)

4/4=100% (48-100)
7/9=78% (44-93)
5/7=71% (35-91)

2/2=100% (29-100)

1/1=100% (16-100)
2/3=67% (19-93)

Negative
Predictive Value

24/24=100% (86-100)
22/22=100% (85-100)
23/23=100% (86-100)
26/26=100% (87-100)
18/18=100% (82-100)
35/35=100% (90-100)
26/26=100% (87-100)
21/22=95% (79-99)
32/32=100% (89-100)
22/22=100% (85-100)
20/20=100% (84-100)
31/31=100% (89-100)
26/26=100% (87-100)
27/27=100% (88-100)
23/23=100% (86-100)
22/22=100% (85-100)
10/10=100% (72-100)

RCA = right coronary artery; PDA = posterior descending artery; PL = postero-lateral artery; LM = left main coronary
artery; LAD = left anterior descending artery; D = diagonal branch; LCX = left circumflex artery; MO = marginal obtuse
branch; IB = intermediate branch.

Diagnostic Accuracy of 64-
Slice CT

The sensitivity, specificity and the posi-
tive and negative predictive values of
64-slice CT in the detection of significant
coronary artery stenoses were obtained
for the 494 coronary segments available
for comparison. The values (confidence
intervals) obtained on all segments are
99% (92-100), 96% (93-97), 78% (68—
85) and 99% (99-100), respectively. On a

per-patient basis, the values (confidence
intervals) are 100% (87-100), 90% (59—
98), 96% (81-99) and 100% (69-100),

respectively.

Table 3 details the accuracy of CT in the
individual coronary segments according
to the AHA classification [13]. The results
of all coronary segments, coronary ves-

sels and patients are summarised in Table

4.
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TABLE 4. Overall CT accuracy: all segments, per-vessel, per-patient.

Positive Negative
Sensitivity Specificity Predictive Value Predictive Value
All segments 66/67= 408/427 = 66/85= 408/409=

(Total 494) 99% (92-100) 96% (93-97) 78% (68-85) 99% (99-100)

Per-vessel

RCA, PDA, PL 20/20=100% 113/118=96% 20/25=80% 113/113=100%

(Available 138) (84-100) (90-98) (61-91) (97-100)
35/35= 35/35=

LM (Available 35) -

LAD,

100% (90-100)

100% (90-100)

Diagonal branches 25/26=96% 121/130=93% 25/34=74% 121/122=99%
(Available 156) (81-99) (87-96) (57-85) (96-100)
LCXI O, O, (o) 1O
MO branches, 1B 21/21=100% 139/144=97% 21/26=81% 139/139=100%
(Available 165) (85-100) (92-98) (62-91) (97-100)
Per-patient 25/25=100% 9/10=90% 25/26=96% 9/9=100%
(Total 35) (87-100) (59-98) (81-99) (69-100)

Values are reported in ratios and percentages, with 95% confidence intervals in brackets.

RCA = right coronary artery; PDA = posterior descending artery; PL = postero-lateral artery; LM = left main coronary
artery; LAD = left anterior descending artery; LCX = left circumflex artery; MO = marginal obtuse branches; IB = inter-
mediate branch. The left main coronary artery was normal in all patients.

Inter-observer variability for the detec-

tion of significant lesions had k-values of
0.73.

Earlier generations of multislice CT scan-
ners showed promise for the non-invasive
detection of coronary stenoses [1-11].
However, the reported accuracy was ob-
tained on the basis of analysable coro-
nary segments rather than on all coro-
nary segments. A recent study showed
promising results of 64-slice CT coronary

angiography in the detection of signifi-

cant stenoses using a CT scanner with a
rotation time of 375 ms [14]. Still, coro-
nary branches with a diameter below the
threshold of 1.5 mm were excluded from
the comparative analysis. Reducing the
gantry rotation time to 330 ms provided
improvements in the sensitivity and speci-
ficity. Two recent papers reported sensitiv-
ity and specificity values of 86% and 95%
[15] and 73% and 97% [16] in cohorts of
patients referred for catheterisation. No
calibre threshold was set in those studies.
However, 12% of the segments [15] and
4/59 patients [16] were excluded from
analysis because of poor image quality.

In our population, 64-slice CT coronary



FIGURE 2 (A-C). 68-year-old patient with stable angina pectoris. A)
64-slice CT volume-rendered image. B) Conventional angiogram. C) 1-mm-
thick CT maximum intensity projection. A coronary stenosis is seen at the
level of the posterolateral artery (arrow and arrowheads). Luminal narrow-
ing determined at QCA was 74%.

(A full color version of this illustration can be found in the color section)

FIGURE 3 (A-D). 54-year-old patient with stable angina pectoris. A) 64-
slice CT volume-rendered image. B) 1-mm-thick curved maximum intensity
projection. C) 0.75-mm-thick multiplanar reconstruction. D) Conventional
angiogram. A lesion is visible in the first marginal obtuse branch (arrow-
heads). Luminal narrowing determined at QCA was 64%.

(A full color version of this illustration can be found in the color section)

angiography detected sig-
nificant coronary stenoses of
the entire coronary tree with
a sensitivity of 99% and a
specificity of 96% when com-
pared to conventional inva-
sive coronary angiography.
Such results were obtained
by including all coronary
branches available for visual-
ization at conventional angi-
ography and CT, regardless
of the vessel diameter. In ad-
dition, none of the coronary
segments available were ex-
cluded from analysis accord-
ing to image quality. Thus,
our results demonstrate
the diagnostic accuracy of
the technique to assess the
entire coronary tree in the

III

“real” clinical context.
Outcomes

All patients with significant
coronary artery disease were
correctly diagnosed, and only
a single coronary lesion was
missed at CT (sensitivity per-
patient 100%, per-segment
99%). The missed lesion was
found to be responsible for
a 52% stenosis at QCA and
was localised in the mid-tract
of the left anterior descend-

ing artery. Dense eccentric
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calcifications and motion artefacts were

scored as being responsible for poor im-
age quality.

All but one patient with angiographi-
cally normal coronary angiograms were
correctly identified at CT, which makes
the technique reliable for ruling out sig-
nificant coronary obstructions (specificity
per-patient 90%, per-segment 96%). This
brings some meaningful implications in
a population where 29% (10/35) of the
patients had negative angiograms, in
that 9/10 unnecessary catheterization
procedures could have been avoided on
the basis of CT results. This observation
also counterbalances to some extent the
drawback of a higher radiation dose of
multislice CT compared to cardiac cath-
eterisation, standing the periprocedural
risk of, sometimes major, complications

associated to the latter.

Figures 2 and 3 are examples of coronary
artery stenoses detected with 64-slice CT
and coronary angiography at the level of
the posterolateral artery and first obtuse

marginal branch, respectively.

Specifications and Scan
Technique Shaping
Diagnostic Accuracy

The capability to image the entire coro-
nary tree is conceivably feasible due, in
the first instance, to the technical advanc-
es of 64-slice CT scanners featuring high

x-ray output, smaller individual detec-
tors arranged in wider arrays and faster
gantry rotation speed. With the above
mentioned scan parameters, an isotropic
spatial resolution of 0.4 mm3 is achieved
[12]. Likewise, the temporal resolution,
obtained from the reconstruction of data
acquired during half x-ray tube rotation, is
suitable for “freezing” the beating heart.

Indeed, although motion artefacts are a
major factor affecting the image quality
perceived by the examiner (Figure 1), on
the other hand, only one false-negative
and 1/19 false-positive CT findings were
secondary to motion artefacts in our se-
ries, in patients whose heart rates were
68 beats/min and 65 beats/min, respec-
tively. Since motion artefacts deteriorate
the quality of a CT data set, the capability
to find additional reconstruction windows
within the cardiac cycle may allow us to
minimise blurring and double-contour-
ing, at least in a portion of the data set,
thus providing complementary images
suitable for evaluation. In a similar fash-
ion, artefacts induced by mild heart rate
irregularities, such as premature beats,
can be compensated for with manual
ECG editing. The choice of a proper re-
construction window as a key factor to a
clinically reliable diagnosis of coronary
lesions was also pointed out by Zhang
et al. [17] and Hamoir et al. [18]. Con-
versely, the most common cause of in-

correct CT diagnosis in our population
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was calcification of the vessel wall, either
bulky (4/17), dense and eccentric (9/17)
or isolated (4/17). Such findings are in
line with the notion that the assessment
of significant coronary stenoses with CT
is more difficult when many calcifications
are present [4]. However, it is also report-
ed that important coronary calcification
should not be used as an indication for
deferring multislice CT coronary angiog-
raphy [19].

In order to obtain prominent vascular en-
hancement, a further prerequisite has to
be reproducibly fulfilled for robust coro-
nary CTangiography: the volume, injec-
tion rate and concentration of the contrast
agent must be optimized into dedicated
injection protocols [20-23]. Bolus track-
ing is a sophisticated synchronisation
technique which monitors attenuation
changes in the aorta and triggers the CT
scan when a threshold value is reached.
Hence, the 11-15 s scan window is oper-
ated during the expected peak of coro-
nary enhancement to image coronary

arteries with optimal contrast resolution.

It is expected that bolus geometry and dy-
namics considerations differ slightly when
applied to tiny coronary side branches. As
arule, distal vessels have a small diameter,
contain less blood and, thus, suffer from
poor contrast-to-noise resolution. There-
fore, we used the contrast agent with the

highest iodine concentration available to

improve the opacification of smaller ves-
sels and the visualisation of coronary side
branches and collateral pathways [24].

The results of diagnostic accuracy re-
ported by Mollet et al. [25], who obtained
95% sensitivity and 98% specificity in a
population of stable and unstable patients
examined with a 16-slice CT scanner, are
not in contrast with the aforementioned
considerations. Indeed, the technical pa-
rameters featured by the newer genera-
tion 16-slice scanner used in that study
were gantry rotation speed of 375 ms,
detector width of 0.75 mm and high x-ray
output. The iodine concentration of the
contrast bolus was equally chosen at 400

mgl/ml.

As a matter of fact, the interpretability
of coronary images obtained with mul-
tislice CT has matched the improvement
of hardware equipment and the develop-
ment of the scanning technique, namely,
faster gantry rotation speed, smaller in-
dividual detector width, higher x-ray out-
put and optimized protocols for contrast
agent administration and synchroniza-
tion. This created a distance between 4-
slice and the first generation of 16-slice
scanners on one side and the current CT
scanners. Our experience suggests how
64-slice CT scanners, in association with
an optimised scanning technique, provide
images suitable for reliable interpretation.

In association with appropriate operator
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training, a role for multislice CT might be
shaped as a non-invasive tool capable of
assisting management options in select-
ed cardiological patients. In particular,
the capability of displaying the extent and
morphology of coronary atherosclerosis
may help direct treatment options to ei-
ther conservative therapy, percutaneous

intervention or surgery [26].

Limitations of the Study
Nineteen out of 494 lesions scored as be-
ing significant at coronary CT revealed
to be haemodynamically insignificant at
conventional angiography (false-positive
findings).

This could, in part, be explained with
the fact that, for lesions whose CT inter-
pretation was uncertain, the chance of
overestimation of the lesion severity was
deemed less undesirable than the risk of
underestimation, reflecting a clinical set-
ting where CT plays the role of a deci-
sion tool to screen patients for referral to
catheterisation. In these settings, where
the overestimation of the severity of le-
sions would refer the patient for coronary
catheterisation, overlooking significant
stenoses might have much more serious
consequences in a symptomatic popula-
tion. Besides, the positive predictive value
of CT rises from 78% to 96% when the
patient, not the individual lesion, is con-
sidered.

A high pre-test prevalence of disease in
the population available for comparison
is, somehow, inevitable, since invasive
angiography is generally not performed
in subjects with suspected or known
coronary artery disease in the absence
of symptoms. Even in asymptomatic pa-
tients with demonstrated inducible isch-
emia, controversy exists as whether coro-
nary angiography should be performed,
unless additional risk factors such as
advanced age, diabetes mellitus or life-
style coexist. According to the American
College of Cardiologists/American Heart
Association guidelines [27], coronary an-
giography recommendations in patients
with suspected or known stable coronary
artery disease are limited to patients with
angina pectoris or non-specific chest pain
with positive (or contraindicated) stress
testing.

We did not perform quantitative CT
analysis of the lesions, which is instead
reported by Raff et al. [15] and Leber et
al. [16]. However, although correlation is
reported between quantitative diameter
stenosis at multislice CT and QCA, the
differences of the percentage diameter
stenosis assessed by the two methods
show significant variability, thus, suggest-
ing that the quantification of lesions by
means of CT cannot reliably substitute
QCA at the present time.
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Conclusion
Accuracy of coronary CT angiography
performed with a 64-slice scanner for the
assessment of disease of the entire coro-

nary tree is superior to that of earlier-gen-

eration CT scanners.

The sensitivity in the detection of signifi-
cant lesions is 99% and the specificity is
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Urpose: We comparedthe
diagnostic accuracy of 64-slice computed
tomographic (CT) coronary angiography
to detect significant coronary artery dis-

ease (CAD) in women and men.

Materials and methods: The
64-slice CT coronary angiography was
performed in 402 symptomatic patients,
123 women and 279 men, with CAD
prevalence of 51% and 68%, respectively.
Significant CAD, defined as =50% coro-
nary stenosis on quantitative coronary
angiography, was evaluated on a patient,

vessel, and segment level.

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



Comparison of diagnostic performance of 64-slice computed tomography
coronary angiography in women versus men with angina pectoris

€onclusion: In conclusion, CT coro-
nary angiography reliably rules out the
presence of obstructive CAD in both men
and women. Specificity and positive pre-
dictive value of CT coronary angiography
were lower in women. The sensitivity to
detect stenosis in small coronary branch-
es was lower in women compared with

men.

introduction

Computed tomographic coronary an-
giography (CTCA) is a rapidly evolving
coronary imaging technique, and a po-
tential alternative to established nonin-
vasive tests for coronary artery disease
(CAD). The diagnostic accuracy of CTCA
in women per se has not been investigat-
ed, but is extrapolated from reports that
were performed in populations largely
consisting of men.1-9 Although earlier
data suggested a discrepancy between
men and women with regard to the di-
agnostic performance of ischemia-driven
tests, recent reports using contemporary
exercise electrocardiographic (ECG) test-
ing, stress echocardiography, and gated
single-photon emission computed to-
mography 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, addi-

tional anatomic and physiologic differ-

ences, including body composition, 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 men with chest
pain to detect or exclude the presence of
obstructive CAD.

Materials and
Methodls

During a 24-month period 402 patients
with acute or stable chest pain symptoms
who were referred for conventional coro-
nary angiography (CCA) were included in
the study. No patients with a history of
percutaneous coronary intervention or
coronary artery bypass surgery, impaired
renal function (serum creatinine >120
umol/L),

known intolerance to iodinated contrast

persistent arrhythmias, and
material were included. CCA was per-
formed before or after CTCA and served
as the standard of reference. The institu-
tional 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 B-blockers (50/100
mg metoprolol) 1 hour before the CT ex-
amination. All scans were performed on

a 64-slice CT scanner with a gantry rota-
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tion time of 330 ms, a temporal resolu-
tion of 165 ms, and a spatial resolution of
0.4 mm3 (Sensation 64; Siemens, Forch-
heim, Germany). For the coronary cal-
cium score, a low-dose, non-enhanced
scan was performed with the following,
standardized parameters: 32 * 2 slices
per rotation; individual detector width of
0.6 mm, 330-ms rotation time, 3.8-mm/
rotation table feed, 120-kV tube voltage,
150-mAs tube current, with activated
prospective x-ray tube modulation. The
CTCA scan was performed with identical
parameters except for a higher tube cur-
rent between 850 and 960 mAs without
prospective ECG x-ray tube modulation.
The radiation exposure was estimated
using dedicated software (ImPACT, ver-
sion 0.99x, St. George’s Hospital, Toot-
ing, London, United Kingdom). A 95-ml
bolus of iomeprol (lomeron, 400 mg/ml;
Bracco, Milan, ltaly) was injected intrave-
nously into an antecubital vein at 5 ml/s.
A bolus-tracking technique was used to
monitor the arrival of contrast in the coro-
nary arteries. The scan was started once
the contrast material in the ascending
aorta reached a predefined threshold of
+100 Hounsfield Units.

Datasets were reconstructed immedi-
ately after the scan following a stepwise
outline. Images were obtained during a
half x-ray tube rotation, resulting in an
effective temporal resolution of 165 ms.

To acquire optimal motion-free images,

images were reconstructed by retrospec-
tive ECG gating. Initially, a single dataset
was reconstructed during the mid-to-end-
diastolic phase (350 ms before the next
R wave or at 65% of the RR interval). In
case of insufficient image quality of =1
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 RR interval). In case of persistent ar-
tifacts related to coronary motion, a sec-
ond reconstruction approach was carried
out. Datasets were reconstructed during
the end-systolic phase using an absolute
forward or percentage technique (be-
tween 250 and 400 ms after the previ-
ous R wave or between 25% and 35% of
the RR interval). In 34% of the patients
(137 of 402) end-systolic reconstructions
were used for image analysis. If neces-
sary, multiple datasets of a single patient
were used separately to obtain optimal
image quality of all available coronary

segments.

All scans were carried out within 1 week
before or after CTCA. One experienced
cardiologist, who was unaware of the
CTCA results, identified and analyzed
all coronary segments according to the
modified 17-segment American Heart As-
sociation classification.17 Regardless of
diameter size, all segments were included
for comparison with CTCA. Segments

were classified as normal (smooth paral-
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lel or tapering borders), nonsignificantly
stenosed (wall irregularities or <50% nar-
rowed), or significantly stenosed (=50%
narrowed). Stenoses were evaluated in
the worst view, and classified as signifi-
cant if the lumen diameter reduction was
>50% as measured by a validated quan-
titative coronary angiographic algorithm
(CAAS, Pie Medical, Maastricht, the
Netherlands).18

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 ax-
ial source images, as well as multiplanar
or curved reformatted reconstructions
and maximum intensity projections, were
used to evaluate the CT angiograms and
assess the presence of significant seg-
mental stenosis. Segments were scored
positive for significant CAD if there was
>50% diameter reduction of the lumen
by visual assessment. Segments distal to
an occluded segment were excluded. In-
terobserver disagreement was resolved by

a third reader.

Descriptive statistics were performed for
coronary segments, vessels, and patients.
The diagnostic performance of CTCA for
the detection of significant stenoses in the
coronary arteries with quantitative coro-

nary angiography (QCA) as the standard

of reference is presented as sensitivity,
specificity, positive and negative predic-
tive values. Precision of the diagnostic pa-
rameters is presented using a 95% confi-
dence interval (Cl). Chi-square tests were
performed to show significant differences
in diagnostic accuracy. Positive and nega-
tive likelihood ratios are given. The likeli-
hood ratio incorporates both the sensitiv-
ity and specificity of a test and provides a
direct estimate of how much a test result
will change the odds of having a disease.
Post-test odds can be calculated by multi-
plying the pretest odds (pretest probabil-
ity/[1 - pretest probability]) by the positive
likelihood ratio (sensitivity/[1 - specificity])
and negative likelihood ratio ([1 - sensi-
tivityl/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 = SD and com-
pared with an unpaired 2-sided Student’s
t test when normally distributed. When
not normally distributed, continuous vari-
ables are expressed as medians (25th to
75th percentile range) and compared
using the nonparametric Mann-Whitney
test. p Values <0.05 were considered

statistically significant.
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TABLE 1. Patient demographics (n = 402)

Variable

Age (yrs)*

Calcium score (Agatston score)t

Body mass index (kg/m?)*

Heart rate (beats/min)*

Prevalence of obstructive coronary artery disease
Atypical angina pectoris

Typical angina pectoris

Unstable angina pectoris

Non-ST-segment elevation myocardial infarction
Hypertensioni

Hypercholesterolemia$§

Diabetes mellitus#

Active smoker

Previous smoker

Body mass index =30 kg/m?

Previous myocardial infarction

Conventional coronary angiography

Absence of coronary disease

* Mean = SD.

Women Men p Value
(n = 123) (n = 279)

62 =11 58 =11 <0.01
146 (0-373) 207 (18-530) <0.05
26.7 £5.0 27.0=3.6 NS

61 x7 58 + 8 <0.001

63 (51%) 190 (68%) <0.01

47 (38%) 99 (35%) NS

48 (39%) 107 (38%)

14 (11%) 36 (13%)

14 (11%) 37 (13%)

78 (63%) 138 (49%) <0.05

75 (61%) 161 (58%) NS

23 (19%) 28 (10%) <0.05

30 (24%) 99 (35%) <0.05

9 (7%) 20 (7%) NS

34 (28%) 64 (23%) NS

15 (12%) 27 (10%) NS

28 (23%) 42 (15%) <0.05

1 Median and quartiles. Values are numbers (percent), unless otherwise indicated. Categorical variables were tested with
chi-square test. Continuous variables were tested with unpaired 2-sided Student'’s t test. If not normally distributed, continu-

ous variables were compared with the Mann-Whitney test.
p Values are significant if <0.05.

1 Blood pressure =140/90 mm Hg or treatment for hypertension.
§ Total cholesterol >180 mg/dl or treatment for hypercholesterolemia.

# Treatment with oral antidiabetic medication or insulin.

An additional sensitivity analysis was
done to investigate the effect of nesting,
as repeated assessments within the same
patient were made that were not inde-
pendent observations. Inter- and intra-
observer variabilities for the detection of
significant coronary stenosis were deter-
mined by k statistics.

Results