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Abstract
Multislice computed tomography (MSCT) for the noninvasive detection of coronary artery
stenoses is a promising candidate for widespread clinical application because of its noninvasive
nature and high sensitivity and negative predictive value as found in several previous studies using
16 to 64 simultaneous detector rows. A multi-centre study of CT coronary angiography using 16
simultaneous detector rows has shown that 16-slice CT is limited by a high number of
nondiagnostic cases and a high false-positive rate. A recent meta-analysis indicated a significant
interaction between the size of the study sample and the diagnostic odds ratios suggestive of small
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study bias, highlighting the importance of evaluating MSCT using 64 simultaneous detector rows
in a multi-centre approach with a larger sample size. In this manuscript we detail the objectives
and methods of the prospective “CORE-64” trial (“Coronary Evaluation Using Multidetector
Spiral Computed Tomography Angiography using 64 Detectors”). This multi-centre trialwas
unique in that it assessed the diagnostic performance of 64-slice CT coronary angiography in nine
centres worldwide in comparison to conventional coronary angiography. In conclusion, the multi-
centre, multi-institutional and multi-continental trial CORE-64 has great potential to ultimately
assess the per-patient diagnostic performance of coronary CT angiography using 64 simultaneous
detector rows.

Keywords
Computed tomography; Coronary vessels; Multi-centre study; Methods; Design

Multislice computed tomography (MSCT) for the noninvasive detection of coronary artery
stenoses is a promising candidate for widespread clinical application because of its non-
invasive nature and its improving diagnostic accuracy as shown in previous studies
comparing the results of 16- [1–5], 32- [6], and 64-slice scanners [7–15] with conventional
coronary angiography (CCA). In addition, noninvasive coronary angiography with MSCT
has significantly higher accuracy than MRI for the detection of coronary artery stenosis [3,
16]. Thus, despite radiation exposure and administration of an iodinated contrast agent,
MSCT may be preferable to other noninvasive methods for the evaluation of patients with a
low to intermediate likelihood of coronary artery disease [17]. A recent scientific statement
of the American Heart Association concluded that CT coronary angiography may be
clinically useful and may be reasonable for assessment of symptomatic patients with
suspected coronary artery disease (evidence class IIA, level of evidence: B) [18], while the
American College of Radiology has issued a similar practice guideline including
appropriateness criteria for the performance of cardiac CT [19].

There have been several studies that have assessed the diagnostic accuracy of MSCT (4-,
16-, 32-, and 64-slice CT) in comparison with CCA. However, a vast majority of these
studies were limited in sample size and were performed at single centres. Single-centre
based studies may be limited due their ability to recruit a large sample size, but are
particularly prone to study bias (selection, reporting, publication, or other bias) and the
ability to apply the results to other centres or a broader patient population (variation in
diagnostic parameters or definitions). For example, although multiple single-centre studies
have shown good diagnostic performance of MSCT, the first multi-centre study of CT
coronary angiography using 16 simultaneous detector rows (CATSCAN Study) has shown
that this technology is limited by a high number of uninterpretable cases and a high false-
positive rate [20]. In the meta-analysis by Hamon et al., there was a significant interaction
between the size of the study sample and the diagnostic accuracy (diagnostic odds ratios) in
the individual studies, with small studies being more likely to provide higher diagnostic
odds ratios. This is suggestive of small study bias and highlights the importance of
evaluating the technology in a multi-centre fashion. With the improvement of image quality
with 64 detector rows as compared with 16-slice CT [21], and the increase in the percentage
of assessable segments [22, 23], per-patient diagnostic accuracy should be improved to
support the clinical usefulness of MSCT. However, up to now no study has analysed 64-
slice CT coronary angiography in a multi-centre design, including rigorous methodology
and centralised core labs. Results of a multi-centre trial could become the foundation for
MSCT clinical application guidelines, due to its characteristics of reduced study bias and
wide applicability to different centres, countries, and patient populations. Thus, we designed
a multi-centre study called the “CORE-64” trial (“Coronary Evaluation Using

Miller et al. Page 3

Eur Radiol. Author manuscript; available in PMC 2012 February 29.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Multidetector Spiral Computed Tomography Angiography using 64 Detectors”). This
paper presents the objectives, methods, and approaches of this large diagnostic study
conducted in seven countries in Europe, America, and Asia.

Study methods
Objectives

The “Coronary Evaluation Using Multidetector Spiral Computed Tomography Angiography
using 64 Detectors” or “CORE-64” study was designed to evaluate the diagnostic accuracy
of multislice spiral CT angiography using 64 detector rows for identifying coronary artery
stenosis in patients with suspected or known significant coronary artery disease. The study
was designed as a prospective, multi-centre (nine centres), international (seven countries)
study examining the diagnostic accuracy of 64-slice CT in comparison with CCA. The
primary hypothesis of the study was that 64-slice CT coronary angiography will be able to
detect significant coronary artery disease in a patient with acceptable diagnostic accuracy as
compared to CCA. Significant CAD is defined as ≥50% stenosis as determined by coronary
angiography (QCA) of CCA. The primary diagnostic parameters were per-patient sensitivity
and specificity compared with CCA. These were analysed using both point estimates and
continuous measurements (using area under the receiver-operating characteristics curve)
expressed with 95% confidence intervals for the corresponding true values to indicate the
precision of the estimates. We also compared the diagnostic performance of CCA with that
of MSCT for anatomy-based prediction of subsequent clinically driven revascularisation on
a per-patient and per-vessel level. Other secondary objectives include the evaluation of
diagnostic accuracy based on a per-vessel and per-segment unit of analysis, and defining
significant stenosis at both ≥50% and ≥70% thresholds, with QCA as the reference standard.

Design
This was a prospectively designed, multi-centre, international, single-vendor study
examining the diagnostic accuracy of MSCT-64 in the ability to detect coronary artery
disease compared with CCA. The sponsor of the study was Toshiba Medical Systems. The
CORE-64 study was conducted at nine centres, with three centres in the US, and one centre
in Brazil, Germany, Japan, The Netherlands, Canada, and Singapore. All centres used the
same multi-slice CT scanner using 64 simultaneous detector rows (Aquilion 64, Toshiba
Medical Systems, Nasu, Japan). The study protocol was developed by the CORE-64
Steering Committee. Briefly, patients who were enrolled in the study first underwent the
study-related MSCT, followed by CCA within the following 30 days, and clinical follow-up
thereafter. CT and CCA studies were forwarded to individual core laboratories (MSCT and
CCA) and were analysed by separate teams blinded to clinical parameters and the other
imaging test. The overall study design of the CORE-64 trial is depicted in Fig. 1.

MSCT was always performed before the clinically indicated conventional cardiac
catheterisation to avoid selection bias and include patients typically referred for CCA.
Investigators and patients were blinded to the MSCT results, and all further clinical
decisions were based on the patient’s clinical standard of care and clinically indicated CCA.
Core laboratories were blinded to each other and to clinical data. All enrolled patients
provided informed consent approved by local institutional review boards. Patients then
received a unique, randomly assigned subject study number that was used as the subject
identifier for the data acquired for research purposes.

Population
CORE-64 was designed to prospectively include patients older than or equal to 40 years of
age, who were referred for clinically driven CCA for suspected or known coronary artery
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disease and who were willing and able to sign written informed consent. Women of child-
bearing potential required a negative pregnancy test within 24 h of the study MSCT. Patients
were excluded from participation if they had any of the following: history of allergic
reaction to iodinated contrast media, a history of contrast-induced nephropathy, history of
multiple myeloma or previous organ transplantation, elevated serum creatinine (>1.5 mg/dl)
or calculated creatinine clearance of <60 ml/min (using the Cockcroft-Gault formula), atrial
fibrillation or uncontrolled tachyarrhythmia, or advanced atrioventricular block (second or
third degree heart block), evidence of severe symptomatic heart failure (NYHA class III or
IV), known or suspected moderate or severe aortic stenosis, previous coronary artery bypass
or other cardiac surgery, coronary artery intervention within the last 6 months, known or
suspected intolerance or contraindication to beta-blockers (including: known allergy to beta-
blockers, history of moderate to severe bronchospastic lung disease including moderate to
severe asthma, severe pulmonary disease), body mass index >40, or the presence of any
other history or condition that the investigator judged to be a significant reason for
exclusion. Patients with coronary artery stents were not excluded from participating in the
study. However, stented coronary segments were excluded from the comparative analysis of
CCA and MSCT. To control for enrolment selection bias, it was decided to enrol all
patients, but only analyse patients with overall Agatston calcium scores of ≤600 for the
primary cohort; those patients with Agatston calcium scores >600 were entered into a
registry.

Sample size
The sample size computation was based on the precision of the diagnostic accuracy
measurement. We estimated that a sample size of 350 was needed to determine the
diagnostic accuracy of MSCT defined as an area under the receiver characteristics curve
(AUC) of at least 0.85 with 95% confidence intervals of at most ±5% imprecision based on a
disease prevalence rate of 35% and a drop out rate of 10% [24].

The primary outcome measure of the study was the determination of diagnostic performance
of MSCT on a per-patient basis. Secondary analyses examining diagnostic accuracy based
on a vessel unit of analysis were also planned. Diagnostic accuracy was defined by the area
under the receiver-operating characteristic (ROC) curve and the point estimates of
sensitivity and specificity as determined by standard methods [25]. The ROC curve is a plot
of a diagnostic test’s sensitivity (plotted on the y axis) versus its false-positive rate (1-
specificity) (plotted on the × axis). An ROC analysis plots the relationship between
sensitivity and specificity across all cut-points of the test and calculates the area under the
curve (AUC). Computation of confidence limits for vessel-level data took account of the
clustering of vessels within a patient to adjust for interdependence, using either logistic
regression or boot-strap resampling methods [26]. Confidence limits were calculated using
the percentile method with B=2,000 samples. Additionally predictive values were
determined by standard methods.

Quality assurance and safety
All technologists and investigators underwent study-related training prior to the initiation of
the enrolment at their site. Technologists underwent specific 2-day training in the specific
CORE-64 MSCT protocol and MSCT acquisition, and safety, to ensure protocol compliance
and standardised data acquisition and data transfer. Before enrolment of patients into the
study, each enrolling centre provided three qualifying MSCT examinations to the MSCT
core laboratory and three CCA films to the angiography core laboratory, which were
reviewed for protocol compliance and data quality. All centres had the study protocol and
informed consent form approved by their local institutional review board, and reviewed also
by a centralised institutional review board and the German Federal Department for
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Radiation Protection. Adverse events were tracked and reported to the Coordinating Centre
in a timely manner, and were also reviewed by an independent Data Safety and Monitoring
Board.

MSCT and CCA acquisition
Prescan preparation and positioning for CT

Patients were instructed to avoid caffeine 4 h before their CT examination. Fasting before
CT was at the discretion of the local investigator. A pre-MSCT serum creatinine was
obtained (if not already available) within 30 days before the MSCT. A review of inclusion/
exclusion criteria, concomitant medications (i.e., metformin, beta-blockers), and allergies
(i.e., history of contrast agent-related allergoid reactions) was performed before MSCT.
Vital signs (blood pressure, heart rate) were obtained. Patients with resting heart rates ≥70
beats per minute (bpm) received beta-blockers in compliance with institutional standards.
Subjects with heart rates <70 did not receive routine intravenous or oral beta-blockers, and
vital signs were monitored according to local standards at each centre. If a heart rate ≤80
bpm could not be obtained, the patients were excluded from the primary analysis cohort and
entered into a registry.

Nitroglycerin
Short-acting nitrates were administered just before MSCT scanning in all patients in whom
this was not contraindicated (systolic blood pressure <110 mm Hg, intake of
phosphodiesterase inhibitors, severe obstructive cardiomyopathy, known intolerance) in
order to reduce vasospasm, standardise vasomotor tone, increase coronary artery diameters,
and facilitate image assessment (percent stenosis) as recently described [27]. The choice of
sublingual nitrate was determined per local standards.

CT
Patients were examined on a multislice CT system, using 0.5-mm slice thickness, with 64
simultaneous detector rows (Aquilion 64, Toshiba Medical Systems, Japan). The 320-mm
scan field of view (M) of the CT scanner was used for image acquisition. First, an
anteroposterior scanogram (120 kV, 50 mA) was obtained for further planning. Based on the
cardiac dimensions on this scanogram, the z-axis length of the subsequent non-contrast
calcium scoring CT was defined. In addition, a single axial slice was acquired at the largest
diameter of the heart, which served to define the reconstruction field of view to be used for
all subsequent reconstructions. The size of this field of view was in the range of 200 to 220
mm in order to achieve an in-plane pixel size of approximately 0.4*0.4 mm2 at an image
matrix of 512 by 512. The reconstruction field of view was set to cover the entire heart and
the descending aorta and was used for both calcium scoring and CT coronary angiography.
Calcium analysis was performed using prospective electrocardiogram gating with a gantry
rotation time of 0.4 s, a detector collimation of 4 by 3.0 mm, a tube voltage of 120 kV, and a
tube current of 300 mA. The trigger delay for prospective gating in the calcium CT study
was adjusted to the heart rate in order to acquire CT data during the rest period of the
coronary arteries (Table 1).

Based on the unenhanced CT images used for calcium scoring, the start and end positions of
subsequent CT coronary angiography were determined to minimise radiation exposure of the
CTA by reducing the z-axis coverage as much as possible. The start position was defined as
the plane 10 mm above the first cranial slice that no longer showed any coronary structures.
Similarly, the end position was defined as the plane 10 mm below the last caudal slice
without cardiac structures. The start and end positions determined in this way were entered
into the CT coronary angiography protocol for each patient. The CT coronary angiography
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protocol was performed using 64 by 0.5-mm detector collimation and a minimum gantry
rotation time of 0.4 s, and the CT system’s settings were adjusted according to the patient’s
sex and weight and the pitch (Tables 2 and 3) in order to keep the radiation dose within the
CORE 64 protocol’s pre-specified limit of 20 mSv for all patients.

Another single axial CT image was obtained at the start point of the helical acquisition. The
image obtained in this position served to measure HU densities in a region-of interest in the
descending aorta beginning 15 s after contrast agent administration and to trigger the
initiation of helical CT once a threshold of 180 HU was reached (SUREStart, Toshiba
Medical Systems, Fig. 2). Immediately before injecting the contrast agent, starting
this SUREStart CT run and the helical CT coronary angiography acquisition, a breath-hold
trial (“mock examination”) was performed by simulating these processes with a single
breath-hold command (“breathe in and hold your breath”). An electrocardiogram tracing
was recorded during the mock examination, and heart rate was plotted against time by a
software plug-in (SURECardio 3.0, Toshiba Medical Systems). As with the true helical CT,
electrocardiogram recording commenced 2–3 s after the breath-hold command to minimise
breathing-related fluctuation in heart rate during acquisition. The breath-hold trial was
repeated in patients with extrasystoles or heart rate variability of more than 10%. The
software determined the optimum scanning parameters (gantry rotation time and pitch)
depending on the minimum and maximum heart rate during the breath-hold trial and the
expected image reconstruction window width for this heart rate range. The tube current was
modified according to this pitch (Tables 2 and 3) to adhere to the “as low as reasonably
achievable” paradigm and to achieve constant high image quality regardless of body mass.

CT contrast agent administration
An iodinated contrast agent (Solutrast, Isovue, iopamidol, 370 mg iodine/ml, Bracco
Diagnostics) was injected using an 18- or 20-gauge intravenous line (preferably in right
brachial veins). The flow of the contrast agent was adjusted according to patient weight
(Table 4). The volume of the contrast agent to be administered for the helical CT acquisition
was also calculated individually for each patient using the following formula:

During administration of contrast agent a physician or technician was available to ensure
that no contrast agent extravasation occurred at the site of injection. Fifteen seconds after
starting contrast administration, the above-described SUREStart CT acquisition began
tracking the density in the descending aorta. When a threshold of 180 HU was achieved, a
single automated breath-hold command (“breathe in and hold your breath”, breath-hold for 5
s) was given. Helical scan acquisition commenced 2–3 s after the breath-hold command to
minimise breathing-related fluctuation in heart rate during acquisition.

Conventional coronary angiography (CCA) acquisition
A clinically driven coronary angiography was performed within the 30 days following
MSCT scan. All centres were to follow standardised coronary angiography techniques to
obtain optimum images for comprehensive quantitative coronary analysis. Intracoronary
nitroglycerin was administered (150–200 mcg) before the first image of the left coronary
artery system and right coronary artery to standardise the vasomotor state of the coronary
artery and eliminate any potential for catheter-induced spasm. Coronary angiographic
images were saved in the universal DICOM format and forwarded to the Angiographic Core
Laboratory for Quantitative Coronary Angiographic Analysis. All image data were
anonymised for transfer to the core laboratory with the unique study number. QCA was
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preformed using standard, validated analysis software from Pie Medical Imaging, CASS II
Research version 2.0.1 software.

Data handling, analysis, and follow-up
Image reconstruction and transfer

Raw data were protected on the scanner console and were transferred to a raw-data
workstation for storage on an advanced intelligence tape (AIT). All raw data were
anonymised for transfer to the MSCT core laboratory with the unique study number
assigned at the time of enrolment. CT raw data were also saved on an AIT tape for storage at
each centre.

Non-cardiac findings
Evaluation for the presence of non-cardiac findings on CT coronary angiography was
performed locally at each centre by a radiologist within a maximum of 3 weeks but within
local institutional standards. For these non-cardiac safety assessments, images were
reconstructed with a 320-mm field of view at 80% of the RR interval with a slice thickness
of 4.0 mm at 3.0-mm intervals using mediastinal and lung kernels. These were the only data
clinically available to the patient and his/her physician.

MSCT coronary angiography reconstruction
Raw image data were transferred by AIT tape to the CT core laboratory for analysis (Fig. 1).
Raw data were reconstructed at 0.5-mm slice thickness by an adaptive multisegment
reconstruction algorithm [28]. An image reconstruction increment of 0.3 mm was used to
assure optimal image quality. The initial cardiac phase selected for reconstruction was
centred at 75% of the RR interval [29, 30]. Using ImageXact® software (Toshiba Medical
Systems) one minimal cardiac motion phase [31] each in systole and diastole, in which the
least cardiac motion was present, was also selected for reconstruction using both a standard
and a hard convolution kernel. A temporal window of ±20 ms was used for both the systolic
and diastolic reconstruction to permit for better assessment of proximal and distal coronary
arteries in the case of minor variations in movement. Adaptive multisegment reconstruction
was used to improve temporal resolution [28, 32] in patients with heart rates above 50 bpm.
All acquisition ECGs were reviewed for arrhythmias prior to phase selection. In the event of
an arrhythmia ECG editing was employed to maintain regular R-to-R intervals while
minimising loss of data. Several reconstructions with and without edits were performed to
identify the optimal data set for the final images. Readers were informed of cases in which
an arrhythmia occurred during acquisition. Optimal reconstruction was identified not only
on a per-patient basis but also on a per-vessel basis. Therefore, images from at least six
different phases were provided for image analysis. In cases with severe coronary
calcification, a sharp convolution kernel was also reconstructed when requested by the
readers.

Overall image quality was assessed for each CTA study on a nominal scale: good, adequate,
poor, and unevaluable. Protocol compliance in regards to mA, kV, estimated radiation dose,
contrast flow rate and dose, triggering, heart rate, heart rhythm, scan field of view, coronary
opacification, nitroglycerin, and beta-blocker administration was reviewed. Overall image
quality was assessed for each study. The central CT processing technician measured total
and regional (for each individual coronary artery territory) Agatston [33] and calcium-
volume [34] scores with careful avoidance of stents using standardised software (Vital
Images, Vitrea 2 version 3.9.0.1).
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Additionally, the central CT processing technician probed and segmented each coronary
study. In addition to axial interrogation, an automated vessel probe on each portion of every
segment was performed in vessels ≥1.5 mm in diameter by MSCT (estimated by Vitrea
lesion tool). This semi-automated centreline detection [35] of the coronary vessel lumen on
slabs of 3D cardiac volume rendering was used to generate curved multiplanar reformations
and cross-sectional images. Both three-dimensional renderings and multiplanar reformation
images were used to assure adequate interrogation of the artery. Following interrogation of
all arteries of at least 1.5 mm in diameter, the coronary artery tree was segmented based on a
modified 29-segment ACC/AHA model nomenclature condensed to 19 segments [36, 37].
Segments that were not visualised were recorded as such. Segments were labelled with the
specific segment number based on the pre-specified definitions used in both core
laboratories. Vessel diameter in the CT core laboratory was determined by measurement of
the luminal diameter of the proximal portion of the segment, using the non-diseased portion
of the segment if present. For tapering arteries in the distal part of the vessels, the segment
was analysed until the segment diameter no longer measured 1.5 mm.

Coronary artery segmentation
Previous studies describing MSCT have reported using the 15- or 17-segment AHA model
of coronary artery segmentation [38]. CCA studies typically use a more expansive model
(AHA/ACC 29 segment model) [39]. In order to accommodate a more comprehensive
coronary artery tree description, without placing undue emphasis on small and very distal
territories, we developed a modified 19-segment model, based on the standardised 29-
segment nomenclature (Fig. 3). We excluded the acute marginal, first septal, and third
diagonal. Additionally we grouped together the right posterior laterals and the distal
circumflex with the left posterolaterals. For all defined 19 segments, the tightest lesion was
analysed.

MSCT coronary angiography analysis
Image data were transmitted to two independent Vitrea™ workstations for independent and
blinded reader analysis. Two independent readers blinded to each other, the invasive
angiography data, as well as clinical data, performed the analysis. Each reader examined
study quality, calcium burden, and lumen stenosis for each of the coronary artery segments
independently. The percentage of diameter stenosis was derived from volume-rendered
images, curved multiplanar reformations, maximum-intensity projections, and cross-
sectional images in systolic or diastolic phases as well as standard and sharp kernels. The
degree of stenosis in all coronary segments was visually and quantitatively assessed by both
modalities. The degree of stenosis in all coronary segments was first visually performed and
then later quantitatively assessed by both modalities. Visual assessment scores could not be
modified following the quantitative assessment. Visual and quantitative datasets were
separate and processed individually. Following final determination of segment scores,
vessel-based datasets were constructed from segment data and patient-based datasets from
vessel datasets.

Visual MSCT coronary angiography analysis—Visual assessments were performed
by two independent readers, using a categorical scale: no disease, 1–29%, 30– 49%, 50–
69%, 70–99%, and 100% diameter reduction before quantitative measurement, or as non-
evaluable. All segments in which a significant difference in assessments between the two
principal readers (i.e., crossing a threshold of 50% or 70%) or any segment in which readers
deemed a segment non-evaluable, underwent a consensus process that incorporated a third
experienced observer. The final segment score was given by the consensus process. A
segment could only be considered non-evaluable by consensus. In segments in which there
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was no significant difference between the two principle readers, a final segment score was
derived through averaging.

Quantitative visual MSCT coronary angiography analysis—Quantitative
assessment of the degree of diameter stenosis was performed in a cross-sectional and a
longitudinal projection following all visual identification with at least ≥30% stenosis by by
two independent, blinded readers. Measurements were made with Vitrea 2 version 3.9.0.1
(Vital Images) semi-automatic contour detection algorithm to obtain preliminary diameter
estimations. Manual measurements of reference diameters and lumen diameter were made
using electronic callipers and rulers in cross-sectional and longitudinal projections. Final
determinations of reference and lumen diameters were made only after manual contour
editing.

The maximum percentage of diameter stenosis was determined for each segment. Proximal
and distal reference measurements within the same segment at a disease-free site were made
in addition to a measurement for minimal lumen diameter. The maximum percentage of
diameter stenosis was derived by the following formula:

All segments in which a significant difference in assessments between the two principal
readers, or any segment in which one of the readers deemed it unevaluable, underwent a
consensus process that incorporated a third experienced observer. In segments in which the
difference between the two principle readers was not significant, a consensus score was
derived through averaging. A “significant difference” was defined as maximum percentage
diameter stenosis crossing the 50% or 70% threshold. In addition, if any one reader judged a
segment non-evaluable, the segment underwent consensus. Segments were only deemed
non-evaluable if there was no quantitative measurement made by any of the readers. Vessel-
based datasets were constructed from segment datasets and patient datasets from vessel
datasets.

Analysis of CCA
Digital cinefluoroscopic images received on compact disks were analysed by quantitative
coronary angiography (QCA) using the CAAS II QCA Research version 2.0.1 software (PIE
Medial Imaging, Maastricht, The Netherlands). Quantitative coronary angiography analysis
was performed by use of a computer-assisted, automated edge-detection algorithm. With the
outer diameter of the contrast-filled catheter as the calibration standard, the minimum lumen
diameter (MLD) in diastole or near end diastolic phase was measured from orthogonal
projections. The percentage of stenosis was derived from the view with the greatest
reduction of diameter (“worst view”) with the least foreshortening of the segment in
question. The reference diameter is an interpolated diameter of normal segments proximal
and distal to the lesion. Obstructive analysis is used with minimal user input. When a normal
proximal segment could not be identified (e.g., ostial lesion location), a distal
angiographically normal segment closest to the lesion (but not beyond major branches) was
analysed. All vessels in the coronary artery tree were examined. Vessels or branches that
were <1.5 mm were not analysed. In addition to quantitative assessments, visual assessments
of coronary artery stenosis were performed for CCA by two independent readers, using the
same categorical scale as the MSCT core laboratory: no disease, 1–29%, 30–49%, 50–69%,
70–99%, and 100%. Segments could be judged as nonevaluable by either visual or
quantitative assessment due to incomplete visualisation. Segments distal to total occlusions

Miller et al. Page 10

Eur Radiol. Author manuscript; available in PMC 2012 February 29.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



with incomplete contrast filling were deemed none-valuable. Lesions that were too tight to
quantify (i.e., >90% <100%) due to software limitations were imputed to a coronary stenosis
of 95%.

The standard 29-segment model as defined by the AHA/ACC for classification of
segmentation was first performed in order to assure standardisation of the dual-reader
process and to use this tree to estimate vessel size and exclude those vessels <1.5 mm from
the analysis. In addition, clear definitions and rules in regards to nomenclature, branching,
and segmentation were prospectively designed and implemented to allow for prospective,
yet blinded, segmentation and localisation of specific stenosis. Following this process, the
29-segment model was condensed into the modified 19-segment model (Fig. 3) to allow
comparison of CCA analysis and the CT angiography analysis. Vessel size thresholds for
inclusion in the final analysis were determined by the measurements from the CCA core
laboratory.

Segment adjudication
After completion and locking of all qualitative and quantitative stenosis measurements, an
adjudication process was performed to assure that segment scores recorded for both MSCT
and QCA were for identical segments. The adjudication committee consisted of a member
from the angiography core laboratory and two members of the computed tomography core
laboratory, and was supervised by an independent overseer with expertise in both imaging
modalities. Studies undergoing adjudication were derived from the database manager. The
criterion used to trigger a study for adjudication was any segment in which there was a
discrepancy between CCA and MSCT in the reporting of a lesion of ≥50% by visual and/or
quantitative assessment. If the study had multiple lesions, all lesions were adjudicated. The
adjudication committee compared MSCT and CCA images side by side to identify fiduciary
landmarks and confirm that segment scores were recorded for identical segments. Scores
were re-assigned to the appropriate segments in cases of misalignment. No visual
assessment or quantitative assessment scores by either modality were changed: only the
label of the attributed segment could be changed. Studies in which adjudication resulted in a
lesion changing a vessel (e.g., an intermediate branch mislabelled as first diagonal branch)
or a lesion traversing two segments were flagged for overview by a blinded senior MSCT
core laboratory member and a blinded senior CCA core laboratory member; discrepancies
were resolved through a consensus process.

Clinical follow-up
Clinical follow-up for patients enrolled in the CORE-64 study was scheduled for 7 days, 30
days, 6 months, and 1 year. Clinical status and interval events were reviewed via telephone
with the patient, review of medical records, or written communication with the patient.
Specific clinical outcomes and safety parameters to be captured included (but were not
limited to) the occurrence of death, myocardial infarction, stroke, coronary revascularisation
(including percutaneous coronary intervention or coronary artery bypass surgery), or
hospitalisations. Of note, particular focus was placed on revascularisation data, including
revascularisation type, location, and outcome. Other events included those related to the
safety of contrast use, such as allergic reaction or clinical renal failure.

Discussion
The objectives and methods outlined above are unique in that the “CORE-64” trial assessed
the diagnostic performance of 64-slice CT coronary angiography in nine centres worldwide
using a clearly prescribed approach to patient recruitment, CT imaging, CCA, and data
analysis. Statistical planning including a power analysis is of importance for any clinical
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trial. Despite numerous single-centre studies addressing the diagnostic accuracy of MSCT, a
power analysis before initiating the trial has been performed in only one previous study [3].
The diagnostic accuracy results of the CORE-64 trial will be estimated and presented
together with 95% confidence intervals to indicate the precision of the estimates. Other
advantages of the CORE-64 trial include the extensive collection of clinical baseline
characteristics and the conduction of clinical follow-up — an approach that has not been
previously used. In contrast to a 16-detector multi-centre study [20] where reconstructed
images were transferred to a core laboratory for evaluation, CORE-64 raw image data were
transferred. This enabled ECG editing to be performed and unlimited images to be
generated.

In comparison to multiple other studies we routinely administered nitroglycerin because this
increases coronary artery diameters on average by 16% as recently shown in an intra-
individual comparison [27]. We also recorded adverse events during CT and CCA to assess
the safety of the two tests. Patients with cardiac pacemakers and defibrillators were not
excluded from the CORE-64 trial, making the results more applicable. The radiation
exposure of CT coronary angiography is a potential safety issue. However, it should be
noted that the present study was approved by the central IRB, all local IRBs at each centre,
and the German Federal Department for Radiation Protection. The CORE-64 Steering
Committee determined the effective dose should be below 20 mSv in all patients, also
consistent with the German Federal Department for Radiation Protection requirements. In
order to achieve this it was decided to include only patients with a body mass index <40.
Also, in contrast to most of the studies published on 64-slice technology [7–12, 40], the
present study used true 64-detector row technology. The large sample size and the
performance of CT at many institutions worldwide are important further advantages of the
study detailed here.

The coronary artery segmentation model used for the study was adopted after intensive
discussion by the CORE-64 steering committee. It was determined to employ a more
comprehensive coronary segmentation scheme. The coronary artery segmentation model
used for the study presents a more comprehensive approach to the analysis of CT coronary
angiography in that it tries to parallel the updated invasive angiography AHA model (29
segment) instead of the older 15-segment AHA segmentation model [38, 39]. We opted for
the more comprehensive approach to allow for a more complete analysis of the coronary tree
in locations where not only surgical, but also percutaneous revascularisation may be
performed. The goal of the 19-segment model is to make it consistent with the established
AHA/ACC conventional coronary angiography reporting guidelines [39] while taking into
account the commonly used CT model, thus making the new scheme more accepted by the
interventional cardiology community. No other CT study has used this comprehensive
segmentation model and, despite its advantages, the new approach might limit the
comparability of our results with those obtained by other investigators. However, our
comprehensive approach is more reflective of the increasing need to evaluate a greater
proportion of the coronary tree, including branches and smaller vessels, which may require
treatment.

For about 50 years CCA has been the favoured gold standard for the detection of significant
coronary artery disease. CCA is known to underestimate [41] the degree of coronary
atherosclerosis, and intravascular ultrasound may be a better cross-sectional gold standard
for assessment of atherosclerotic burden, but was not used in the “CORE-64” trial due to its
lack of global applicability in clinical practice along with increased risks and costs.
Moreover, quantitative analysis of CCA is more accurate and reliable than visual
interpretation [42, 43], and intravascular ultrasound is not a mandatory test in clinical
routine [44]. For these reasons, similar to other non-invasive imaging studies assessing the
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diagnostic accuracy for detecting coronary artery disease, we selected QCA performed in a
core laboratory as the reference standard.

The CORE-64 trial has some limitations. It was a single-vendor study, and the conclusions
to be drawn will only pertain to current technology as the study presents a “snapshot” in
time and new developments may further increase clinical utility and applicability of CT
coronary angiography. Recently, a 320-slice CT scanner was introduced, which has great
potential to increase image quality of noninvasive coronary angiography while at the same
time reducing radiation exposure [45, 46]. Furthermore, dual-source CT technology is
available now [13, 47–49], which has led to relevant improvement in temporal resolution.
Patients were excluded from the CORE-64 trial if they were not in sinus rhythm. This
approach was also used in the vast majority of previous studies of CT coronary angiography
[50] since atrial fibrillation or other arrhythmias are very likely to result in nondiagnostic
examinations on the per-patient level [51]. Nevertheless, our results will only be valid for
patients who are in sinus rhythm and do not apply to patients with arrhythmias. Other
exclusion criteria such as high heart rates (above 80 bpm during scanning) also represent a
limitation because patients with higher heart rates are not uncommon in clinical practice and
are less likely to benefit from CT coronary angiography [52–56]. The same limitation holds
also true for patients with a high body mass index (above 40) who were also not eligible for
the study. On the other hand, a lower body mass index threshold may have been more
suitable because it might have improved image quality and diagnostic accuracy of coronary
CT angiography, but would also have made the study results less applicable to obese patient.
However, given the radiation dose necessary to obtain diagnostic-quality images in the
morbidly obese patient, alternative diagnostic modalities may more appropriately be able to
balance the risk versus benefits of a diagnostic study. Finally, patients with stents were not
excluded from our study, but stented segments were excluded from analysis since previous
reports [57–60] have shown that current CT technology lacks the diagnostic accuracy
necessary for stent assessment.

In summary, the multi-centre, multi-institutional, and multi-continental “CORE-64” trial is
designed to rigorously assess the per-patient diagnostic accuracy of CT coronary
angiography using 64 simultaneous detector rows.
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Fig. 1.
CORE-64 study design. Workflow of patient enrolment, data acquisition, and data handling.
CAC = coronary artery calcium. MSCT = multislice CT. QCA = quantitative coronary
angiography
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Fig. 2.
Single axial scan at the level of the start position single axial CT image at the level of the
start position of the helical scan with a region of interest in the descending aorta. HUs were
measured in this region, and the helical CT data acquisition was started when the densities
were consistently above 180
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Fig. 3.
Coronary artery segmentation model modified from the BARI [32] and CASS [31]
investigators used for the CORE-64 trial [with 19 segments: 5 in the right coronary artery, 6
in the left anterior descending coronary artery (including left main), 7 in the left circumflex
coronary artery, and the intermediate branch]. The entire coronary artery tree is included in
the model. All segments ≥1.5 mm were included in data analysis. R1=proximal right
coronary artery, R2=mid-right coronary artery, R3=distal right coronary artery, R4=right
posterior descending, R5=grouped right posterolateral (RPL): first RPL, second RPL, and
third RPL (segments 5, 6, 7, 8 of the CASS model), L1 = left main, L2 = proximal left
anterior descending, L3=mid-left anterior descending, L4=distal left anterior descending,
L5=first diagonal branch, L6=second diagonal branch, C1=proximal left circumflex
coronary artery, C2=mid-left circumflex coronary artery, C3=first obtuse marginal,
C4=second obtuse marginal, C5=third obtuse marginal, C6=grouped: distal left circumflex
coronary artery (segments 19.1, 23, 24, 25, 26 of the CASS model), first left posterolateral
(LPL), second LPL, and third LPL, C7=left posterior descending, C8=intermediate branch
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Table 1

Prospective trigger positions for different heart rates in CT calcium scanning

Heart rate Prospective (%) trigger position
in the RR interval*

50 79

60 75

70 71

80 67

90 63

With increasing heart rate the trigger delay gets closer to systole since the resting period of the coronary arteries shifts from diastole to end systole
at higher heart rates [61, 62]
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Table 2

Scanner settings for coronary CT angiography in men

Weight kV mA

Pitch of 0.2 to <0.225* Pitch of ≥0.225

<60 kg (<130 lb) 120 300 300

60–79 kg (130–179 lb) 120 340 360

>80 kg (>180 lb) 120 360 400

*
The pitch was adjusted according to heart rate and heart rate variability during the preceding breath-hold examination
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Table 3

Scanner settings for coronary CT angiography in women

Weight kV mA

Pitch of 0.2 to <0.225* Pitch of ≥0.225

All weights 120 240 270

*
The pitch was adjusted according to heart rate and heart rate variability during the preceding breath-hold examination. The tube current was lower

in women than in men and was the same for all weights in order to ensure an effective dose for CT coronary angiography below 17 mSv for women
(together with calcium scanning below 20 mSv) as requested by the German Federal Department for Radiation Protection. The effective dose used
for the “CORE-64” trial protocol will be the objective of a separate dosimetric measurement study.
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Table 4

Contrast agent flow rates for coronary CT angiography according to weight

Weight Flow rate (ml/s)

<60 kg (<130 lb) 3.5

60–100 kg (130–219 lb) 4.0

>100 kg (>220 lb) 5.0
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