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X-ray computed tomography (CT) is widely avail-
able in the world and has the ability to provide
high-definition, thin-section imaging of any body
part. In particular, CT over the past decade has
been shown in numerous publications to allow for
quantitation of coronary calcification, a proven sur-
rogate for coronary artery atheromatous plaque.
Electron beam tomography (EBT) and multidetec-
tor CT (MDCT) have been studied for these purpos-
es. However, there are methodological differences
between types of CT scanners and precision of
calcium scoring is a function of their individual
technical capabilities and limitations. These techni-
cal aspects are detailed here. Although MDCT has
shown considerable improvements in recent years,
EBT remains the clinical reference standard for
noninvasive definition of atherosclerotic plaque.
© 2003 Elsevier Inc. All rights reserved.

X -ray computed tomography (CT) can pro-
vide exquisite, rapid, high-resolution imag-

ing of the body and in particular the heart (and
vascular system in general). Tomographic imag-
ing by CT has had significant advances in tempo-
ral and spatial resolution to facilitate noninvasive
cardiac imaging. In particular, both electron beam
tomography (EBT) and multidetector CT
(MDCT) have shown applicability, under certain
defined circumstances, for coronary artery imag-
ing and atherosclerotic plaque identification.

Coronary lumen imaging of the major epicar-
dial coronary arteries using CT during intrave-
nous contrast administration is now not only fea-
sible but is in routine use in some clinical settings.
Coronary artery imaging by CT without contrast
administration has focused on identification of
mural coronary calcification.

Full discussions of the clinical integration of CT
coronary lumen (CT coronary angiography) and
quantification of coronary calcium (as a surrogate

to estimation of coronary plaque burden) by EBT/
MDCT are to be found elsewhere in this issue. The
current section details technical and practical is-
sues regarding coronary atherosclerotic plaque
imaging by CT, which then help define its capa-
bilities and limitations for clinical usage. The fo-
cus will be on coronary calcium imaging.

Coronary Calcium and
Atherosclerotic Plaque

Recent studies have confirmed that arterial cal-
cium development is intimately associated with
vascular injury and atherosclerotic plaque evolu-
tion and is largely controlled by common cellular
and subcellular mechanisms.1-4 Calcium can be
seen in all degrees of atherosclerotic involvement
and is an active process. Thus, the long held no-
tion of so-called “degenerative” calcification of the
coronary arteries with aging is not correct.

The incidence of coronary artery calcium by CT
as a function of age has been shown to mimic that
of the incidence of cardiovascular atherosclerotic
disease in men and women. The data5 show the
following: (1) the incidence of coronary artery
calcium increases from only a few percent in the
second decade of life to nearly 100% by the eighth
decade in men and women; (2) the general inci-
dence of coronary artery calcium in women is
similar to that in men who are a decade younger;
(3) this separation in prevalence with age is elim-
inated by approximately age 65 to 70, when the
incidence of coronary calcium in women is similar
to that of men of the same age. Although there is
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an increasing incidence of coronary calcification
in patients, as one grows older, this simply paral-
lels the increased incidence of coronary athero-
sclerosis with advancing age. Coronary artery cal-
cium score, as a measure of the extent of coronary
disease, also increases with age, but the magnitude
of the estimated atherosclerotic plaque burden is
quite different in men versus women.6

Atherosclerosis is the only disease known to be
associated with coronary calcification.7-9 Recent
studies have shown that calcium can be seen in all
degrees of atherosclerotic involvement and is an
active process.10-13 Coronary calcification is com-
mon in patients with known coronary artery dis-
ease14,15 and is strongly related to age, increasing
dramatically after age 50.16-19 Since Faber20 in
1912 noted that Mönckeberg’s calcific medial
sclerosis does not occur in the coronary arteries,
atherosclerosis is the only vascular disease known
to be associated with coronary calcification.

However, coronary plaque and its associated
coronary calcification may have only a poor cor-
relation with the extent of histopathologic steno-
sis,21,22 which in turn is largely accounted for as a
result of individual variations in coronary artery
remodeling. In situ coronary calcium, on the
other hand, is associated with plaque size.23

A fundamental requirement for the use of cor-
onary calcium quantification by CT to define cor-
onary artery plaque is to establish how these 2
measures relate to each other. Simon et al23 and
Rumberger et al24,25 at the Mayo Clinic initially
examined random autopsy hearts and compared
measures of coronary calcium using EBT as com-
pared with direct histologic plaque areas and per-
cent luminal stenosis. These studies determined
that the total area of coronary artery calcification
quantified by EBT is linearly correlated (r � 0.90)
with the total area of histologic coronary artery
plaque. Here, although the total atherosclerotic
plaque burden was tracked by the total calcium
burden, not all plaques were found to be calcified,
and the total calcium area was around 20% of the
total atherosclerotic plaque area. These data sug-
gest that there may be a size of coronary plaque
that is most commonly associated with coronary
calcium but, in the smaller plaques, the calcium is
either not present or is undetectable. An article by
Baumgart et al26 compared direct intracoronary
ultrasound measures during angiography with
EBT scanning and confirmed a direct association

of coronary calcium score with localization and
extent of atherosclerotic plaques in vivo.

CT Methods

This section will discuss methods related to coro-
nary artery calcium identification. Specific meth-
ods of contrast-enhanced coronary lumen imag-
ing using EBT and MDCT are discussed
elsewhere.

EBT Methods

EBT is a mature Food and Drug Administration–
approved body-imaging device developed over 20
years ago and is the only CT device specifically
designed from inception for cardiac imaging. Al-
though the technique can quantify ventricular
anatomy and global and regional function27 as
well as myocardial perfusion,28 it is currently best
known for defining and measuring coronary ar-
tery calcified plaque and for performing noninva-
sive coronary angiography. To date, and specifi-
cally over the past decade, there have been nearly
1,000 articles published regarding the validation
of EBT for coronary artery plaque and lumen im-
aging.

EBT (also referred to as “Ultrafast-CT,” GE/
Imatron Inc., South San Francisco, CA) uses
unique technology-enabling ultrafast scan acqui-
sition times currently of 33 milliseconds, 50 mil-
liseconds, 100 milliseconds, and multiples of 100
milliseconds (up to 1.5 seconds) per slice. There
have been 3 iterations for EBT since it was intro-
duced clinically in the early 1980s. The overall
imaging methods have remained unchanged, but
there have been improvements in data storage,
data manipulation and management, data display,
and spatial resolution. The original C-100 scanner
was replaced in 1993 by the C-150, which was
replaced by the C-300 in 2000. The current EBT
scanner, the “e-speed” (GE/Imatron) was intro-
duced in 2003. The “e-speed” is a multislice scan-
ner and currently can perform a heart or body scan
in one half the total examination time required by
the C-150 and C-300 scanners. The “e-speed,” in
addition to the standard 50 milliseconds and 100
milliseconds scan modes common to all EBT scan-
ners, is capable of imaging speeds as low as 33
milliseconds, but as of this writing, no validation
studies on the applicability of calcium scoring in
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this mode are available. Thus, the current discus-
sion of EBT will focus on the established methods
of the C-150 and C-300 imaging systems.

EBT uses a stationary multisource/split-detec-
tor combination coupled to a rotating electron
beam and produces serial, contiguous, thin-sec-
tion tomographic scans in synchrony with the
heart cycle. EBT is distinguished by its use of a
scanning electron beam rather than a traditional
x-ray tube and mechanical rotating device used in
current “spiral” single and multiple detector scan-
ners. The electron beam (cathode) is steered by an
electromagnetic deflection system that sweeps the
beam across the distant anode, a series of 4 fixed
tungsten “target” rings. A stationary, currently
dual level, detector lies in apposition to the tung-
sten target rings. Thus, as opposed to physically
moving the x-ray tube in a circle about the patient,
as is done by the mechanical CT (spiral) scanners,
only the electron beam is moved in EBT.

Standardized methods for imaging, identifica-
tion, and quantification of coronary artery cal-
cium using EBT have been established.9 The scan-
ner is operated in the high-resolution, single-slice
mode with continuous, nonoverlapping slices of
3-mm thickness and an acquisition time of 100
milliseconds per tomogram. Patients are posi-
tioned supine, and, after localization of the main
pulmonary artery, a sufficient number of tomo-
graphic slices are obtained to cover the complete
heart through the left ventricular apex (usually 36
to 40 slices). Electrocardiographic triggering is
done at end diastole at a time determined from the
continuous ECG tracing recorded during scan-
ning. Current clinical protocols for EBT perform
triggering during the cardiac cycle as varied de-
pending on the patient’s resting heart rate. This is
intended to minimize coronary motion artifacts
because the ballistics of cardiac motion is highly
dependent on resting heart rate.

The presence of coronary calcium is sequen-
tially evaluated in all levels. Coronary calcium is
defined as a hyperattenuating lesion above a
threshold of 130 Hounsfield Units (HU) with an
area of 3 or more adjacent pixels (at least 1 mm2).
CT HU densities range from �1,000 (air),
through 0 (water), and up to �1,000 (dense cor-
tical bone). The “calcium score” developed by Ag-
atston29 and predicated on a 3-mm slice thickness
is a product of the area of calcification per coro-
nary segment and a factor rated 1 through 4 dic-

tated by the maximum calcium CT density within
that segment. A calcium score is reported for a
given coronary artery and segment and for the
entire coronary system; however, most research
studies have reported data related to the summed
or total “score” for the entire epicardial coronary
system.

Quantification of coronary artery calcium using
EBT scanning has been proven as a valid surrogate
for atherosclerotic plaque burden and as a mea-
sure of the severity of coronary disease in direct
pathologic comparison studies25 regardless of age
or gender24 and in clinical studies using coronary
angiography30 and intravascular ultrasound26 as
reference standards.

MDCT Methods

The current generation of MDCT systems are ca-
pable of acquiring 4, 8, or 16 (and potentially soon
32) levels of the heart simultaneously with ECG
gating in either a prospective or retrospective
mode. The MDCT differ from single-slice helical
or spiral CT systems principally by the design of
the detector arrays and data acquisition systems
that allow the detector arrays to be configured
electronically to acquire multiple levels of various
slice thickness simultaneously. Thus, in the cur-
rent 16-channel MDCT systems 16 slices can be
acquired at nominally 1.25-mm slice widths for
cardiac imaging. As of 2003, 4-channel MDCT
systems are the most widely deployed with an
estimated installed base in the United States of
over 2,000 and only a few 16-channel systems are
installed.

In MDCT systems, like the preceding genera-
tion of single-slice helical scanners, the x-ray pho-
tons are generated within a specialized x-ray tube
mounted on a rotating gantry. The patient is cen-
tered within the bore of the gantry such that the
array of detectors is positioned to record incident
photons after traversing the patient. Within the
x-ray tube, a tungsten filament allows the tube
current to be increased (mA), which proportion-
ately increases the number of x-ray photons for
producing an image. This is a design difference
with current generation EBT systems, which use a
fixed mA. The attenuation data (after passing from
the source, through the body, and incident on the
detector array) are recorded and transformed
through a filtered back projection into the CT
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image. This final step is common to both EBT and
MDCT. Helical and MDCT systems have 2 princi-
pal modes of scanning that are dependent on
whether the patient on the CT couch is stationary
(axial mode) or moved at a fixed speed relative to
the gantry rotation (helical mode). The axial
mode uses prospective ECG triggered at predeter-
mined offset from the ECG detected R wave anal-
ogous to EBT (but at a physically slower speed per
image than EBT) and is the current mode for mea-
suring coronary calcium at most centers using
MDCT. This mode if preferred mainly because of
issues of keeping the radiation dose similar to that
of EBT (see later discussion on radiation dosime-
try).

Current MDCT systems allow 4, 8, or 16 slices
to be obtained within a single heartbeat. The tem-
poral resolution of a helical or MDCT system is
determined by the gantry speed, which deter-
mines the number of views per second possible.
To reconstruct each slice 180° plus the angle of
the fan beam is required, typically a total of 220° of
rotation. For a 16-channel system with 0.4-second
rotation, the temporal resolution is 0.244 seconds
or 244 milliseconds for a 50-cm display field of
view (FOV). By reducing the display FOV to the
20 cm to encompass the heart, the number of
views can be reduced too, theoretically further
improving temporal resolution for a 16-channel
scanner to approximately 200 milliseconds. The
majority of MDCT systems in 2003 have gantry
speeds of 0.5 to 0.75 seconds and temporal reso-
lution of 320 to 500 millseconds per image when
used for measuring coronary calcium, as com-
pared with 100 milliseconds or less for EBT.

The rapid evolution of MDCT, although po-
tentially of great value for coronary artery cal-
cium (CAC) quantitation, makes current appli-
cation of guidelines for MDCT uses more
confusing. All comparisons between MDCT and
EBT data show good group correlation values,
but with each improvement in MDCT speed and
slice profile the correlation with EBT is found to
be better despite the strong claims of compara-
bility declared by vendors of preceding genera-
tions. Another issue relates to the image slice
thickness used for imaging, which varies be-
tween manufacturers. The issue of slice thick-
ness and the effects on calcium scoring are dis-
cussed in a later section.

Variability and Calibration

When comparing measurement devices, calibra-
tion to an external standard is crucial for compa-
rability between both EBT and MDCT over time.
Significant variability in the measurement of the
130 HU threshold has been documented within
and between EBT scanners even when serviced
and maintained at the same site.31 Use of an exter-
nal calibration phantom was shown to reduce
scanner variation with EBT by 25%. Because there
may be measurement errors both within the same
and between different EBT systems (largely be-
cause of differences of FOV settings, thus affecting
spatial resolution), comparison of MDCT systems
to EBT by definition will include the measurement
error of the EBT system plus the measurement
error with MDCT. Furthermore, differences in
scanner calibration, equipment age, hardware and
software versions, power, and reconstruction ker-
nel will result in differences in CT scanners (EBT
or MDCT) for measuring CT numbers at the
threshold for measurable calcified plaque. The ar-
ticles by Goldin and Yoon32 and Carr et al33 both
document how agreement at various cut points
can be influenced based on whether a threshold of
90 HU or 130 HU was defined as threshold for
measurable calcified plaque and document the
need for calibration of the calcium score.

Spatial Resolution

Spatial resolution is important in all 3 dimensions
when measuring coronary plaque. Even if limited
to the proximal coronary arteries, the vessels
course obliquely along the Z (longitudinal) plane
as well as within the X-Y (transverse) imaging
plane. The inplane resolution of both EBT and
MDCT systems is equivalent at the same display
fields of view. For a display FOV of 26 cm (pre-
ferred for EBT scanning) and 35 cm, the respec-
tive pixel areas are 0.26 mm2 and 0.46 mm2, re-
spectively. The Z dimension is determined by the
slice collimation that with current protocol for
coronary calcium is 3 mm for EBT but varies be-
tween manufacturers from 2.5 mm to 3.0 mm for
MDCT. Because even the proximal coronary arter-
ies are often less than 5 mm in diameter, this can
easily result in an effect termed “partial volume
averaging.” This can be explained as an object, in
this case a small calcified plaque, having dramati-
cally different CT numbers related to whether it is
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centered within 1 slice or divided between 2 adja-
cent slices. Difficulties in measuring small plaques
and distinguishing them from image noise is an
established limitation of current methods and
likely contributes to the observed variability with
both EBT and MDCT when performing repeated
scans in the same individual.34,35 Improved spatial
resolution in the Z axis will reduce this source of
measurement error and is possible with current
MDCT systems36,37 and with the latest generation
of EBT.

Imaging Speed/Temporal Resolution

Overall CT image quality is dependent on multi-
ple factors throughout the imaging sequence.
These include image noise, blurring, spatial reso-
lution, and other factors related to both the imag-
ing device and patient. In the case of measuring
calcified plaques of various sizes, temporal reso-
lution, spatial resolution, and image noise are im-
portant to varying degrees. Cardiac CT is depen-
dent on having a high temporal resolution to
minimize coronary motion. By coupling rapid im-
age acquisition with ECG gating (MDCT) or trig-
gering (EBT), images can be acquired in specific
phases of the cardiac cycle. Studies have indicated
that temporal resolutions of 19 milliseconds are
needed to suppress all pulmonary and cardiac mo-
tion.38 Cardiac magnetic resonance motion stud-
ies of the coronary arteries indicate that the rest
period of the coronary artery varies significantly
between individuals, with a range of 66 to 333
milliseconds for the left and 66 to 200 millisec-
onds for the right coronary artery39 and that for
mapping coronary flow, temporal resolution of 23
milliseconds may be required for segments of the
right coronary artery.40,41 Current generation car-
diac CT systems that create images for measuring
calcified plaque at 100 milliseconds (EBT) and
220 to 500 milliseconds (MDCT) cannot totally
eliminate coronary artery motion in all individu-
als (except possibly for the “e-speed” EBT scanner
operating in the 33-millisecond mode). Motion
artifacts are especially prominent in the mid-right
coronary artery, in which the ballistic movement
of the vessel may be as much as 2 to 3 times its
diameter with the twisting and torsion of the heart
during a single cardiac cycle. Blurring of plaques
secondary to coronary motion increases in sys-
tems with slower acquisition speeds. The result-

ing artifacts tend to increase apparent plaque area
(“blooming”) and decrease plaque density and
thus alter calcium score measurements. It should
be noted that using more detectors (ie, 2 v 4 v 8 v
16 detector/channel systems) does not improve
the temporal resolution of the images obtained. In
a recent study of MDCT, a majority of noninvasive
angiography cases could not be fully evaluated
because of motion artifacts, especially when the
heart rate was �65 beats per minute.42 Thus, in-
creasing numbers of detectors with MDCT will
not decrease motion artifacts. The images from
MDCT are best when the resting heart rate is �65
beats/min; at faster heart rates, motion artifacts
become more dominant. Generally, the higher x-
ray flux (mA � tube current � scan time) avail-
able with MDCT devices leads to images with
somewhat better signal-to-noise ratio and higher
spatial resolution when compared with EBT. This
occurs at a cost of increased radiation depending
on the scanner and protocol used.

Figure 1 schematically shows the limitations of
EBT versus MDCT for calcium scoring (and non-
invasive angiography) as a function of resting
heart rate. Evaluable case rate is an estimation of
the percent of studies that would be successful
under a given clinical condition. The C-150 and
C-300 EBT systems take 100-millisecond scans
but can acquire only 1 slice per cardiac cycle. The
limitation of EBT at slow heart rates is that the
required breath hold to acquire the required num-
ber of slices (up to 40) may be too long for some
patients. Conversely, although MDCT can acquire

Fig 1. ECR (evaluable case rate) versus resting heart
rate (beats/min) for EBT versus MDCT. *These limita-
tions do not apply to the “e-speed” version of EBT
(see text for details).
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multiple cardiac slices per rotation, the slower
temporal resolution per slice limits its practical
ability to individuals with heart rates �65 beats/
min. The “e-speed” B, which acquires dual high-
resolution images at 33 to 50 msec/slice, can im-
age the entire heart in one half the time of the prior
EBT systems and thus has an ECR that is very high
regardless of resting heart rate (up to 110-120
beats/min).

Studies Comparing EBT and MDCT
for Calcium Scoring

Becker et al studied 100 patients comparing
MDCT with EBT and reported a high correlation
between the 2 modalities.43 In this study, how-
ever, the percent variability between individuals
was 32% for CAC scores. There were relatively
few patients with scores �100, and the high cor-
relation may have been driven by those individu-
als with high scores. Moreover, the level of indi-
vidual precision was limited and the scores �100
appeared to have the most deviation by MDCT as
compared with EBT. Although a high correlation
indicates that these 2 measures have a linear rela-
tionship to one another, the spread about the line
can still be significant and can limit use in individ-
uals.

Knez et al44 studied the diagnostic accuracy of
MDCT compared with EBT in 99 symptomatic
male patients. For quantification of CAC, the
volumetric calcium score was determined. The
results indicated excellent correlation between
the 2 modalities (r � .99). The mean variability
between the MDCT and EBT derived scores was
17%. Importantly, the study population had 26
patients with score ranging from 0 to 100, and the
mean variability between the test was 20%, which
was not significantly different from very high
scores.

These studies were performed in older male
symptomatic adults with a mean age above 60
years and a high range of calcium score values.43,44

The findings of extensive calcification and a good
correlation over a large range of values, however,
does not fully address the need to measure CAC
scores accurately and reproducibly in a given in-
dividual. In addition, these high correlations may
not apply as well to a younger asymptomatic pop-
ulation with generally much lower scores. The
studies by Budoff,45 Carr et al,33 and Goldin and

Yoon32, each comparing EBT and helical CT, in-
dicated a range of poor to fair and fair to excellent
agreement at a series of clinical cut-points as pro-
posed by Rumberger46 using the Agatston score.
However, the study by Carr et al33 indicated that
agreement could be improved by calibration of the
Agatston score to an external standard.

It should be emphasized that the clinical value
for CAC determination is to facilitate individual
risk assessment, and thus scoring for a given pa-
tient should be as accurate as possible. However,
for epidemiologic studies and investigations of
coronary calcium in broad population groups,
measures by MDCT and EBT may provide similar
insight into the atherosclerotic process.

Signal Versus Noise

Early detection of calcified plaque is dependent on
distinguishing the plaque from image noise.
MDCT systems have reduced image noise com-
pared with EBT systems. Image noise with EBT
has been shown to have an association with body
mass index,47 which may result in falsely identify-
ing noise as calcified plaque or overestimation of
true plaque burden. On the other hand, the image
blurring by MDCT may result in false-negative
studies or underestimation of true plaque burden.

Prospective gated imaging has resulted in par-
tial scan times of 220 to 500 milliseconds for
MDCT; however, motion artifacts can be a signif-
icant drawback for measurements within a given
individual. On the other hand, retrospective ECG
gating is an alternative method for data acquisi-
tion; this enables one to reconstruct the images at
a desired slice position. In a beating heart phan-
tom study, ECG-gated volume coverage with
MDCT (2.5-mm collimation) and overlapping im-
age reconstruction (1-mm increment) was found
to significantly improve the reliability of coronary
arterial calcium quantification, especially for
small plaques (P � .05).48 Mean interexamination
variability was reduced from 35 (6%, Agatston
score, standard electron-beam CT) to 4 (2%; P �
.05) (volumetric score).

As a result of clear reductions in errors by doing
volume versus area (Agatston) scoring, noted in
the original study by Callister et al49 on volume
scoring, all reported EBT scoring from clinical and
research centers since 1998 has included both
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measures, as is also now being advocated with the
newer MDCT systems.

Recent studies have shown that MDCT with a
retrospective ECG-gating algorithm showed a
high correlation with coronary calcium scores de-
termined using EBT in 60 patients50 and a mean
variability of 12% with Agatston and 7.5% with
volumetric scoring,51 respectively. Whether the
number of missed plaques may be reduced with
retrospective ECG gating, small incremental re-
construction and thinner slices needs to be inves-
tigated. However, a limitation of retrospective gat-
ing is that the process is a very time-consuming
manual analysis and often involves subjective se-
lection of retrospectively gated CT sections. This
process may also add significantly to the intertest
variability of CAC scores for MDCT because it is
highly operator dependent.

Radiation Exposure

One drawback of MDCT as compared with EBT is
the higher radiation exposure to the pa-
tient.32,48,50-58 Radiation exposure from prospec-
tively gated studies is much less than from retro-
spectively gated studies. The x-ray photon flux
expressed by the product of x-ray tube current
and exposure time (mA) is generally higher with
MDCT. For example, 400 mA with 0.5-second
exposure time yields 200 mA in MDCT versus 614
mA (fixed tube current) with 0.1-second exposure
time yields 61.4 mA in EBT. The increase in radi-
ation dose with MDCT compared with EBT has
been estimated to range from 3 to 10 times higher,
depending on the protocol used and whether pro-
spective or retrospective gating is used.50,52,53 The
most modern MDCT devices used in the retro-
spective imaging mode probably expose the pa-
tient to about 30 to 40 mGy (3-4 rad), equivalent
to a conventional angiographic study, and up to
10-fold higher than the doses delivered during
EBT of 3 to 4 mGy (0.3-0.4 rad).54,55

The radiation dose estimation has a wide mar-
gin of error and depends significantly on the
method of estimation. Furthermore, the distribu-
tions of radiation dose are different for MDCT and
EBT. In EBT the maximum dose is delivered at the
entrance surface to the patient’s anatomy lying
closest to the target ring (usually the posterior
elements) because of the configuration of target
rings, whereas in MDCT, the dose is uniform

around the patient and decreases toward the cen-
ter. This results in a decreased dose distribution in
EBT to organs lying anteriorly such as breasts.
Thus, with MDCT, the effective dose in women is
25% higher than in men raising the mean dose
from 30 mGy (3 rad) per study in men to 40 mGy
(4 rad) per study in women.54 In MDCT, using
prospective gating, the radiation dose is lower
than that of retrospective gated studies. However,
results from a recent study showed that ECG-
controlled tube current modulation allows signif-
icant dose reduction of 48% and 45% in men and
women, respectively, while performing retrospec-
tively ECG-gated MDCT of the heart.58

Reproducibility of Calcium Scoring

A promise of these technologies is to accurately
measure atherosclerosis burden and to track
changes over time to assess efficacy of therapy.59

This ability to assess progression is dependent on
the reproducibility of the technologies. EBT inter-
scan reproducibility has been shown to be approx-
imately 10%, with interreader variability approx-
imately 3% and intra-reader variability �1%.60,61

This has been significantly more problematic with
MDCT. The interscan variability in several studies
is 32% to 40%.62,63 A recent study showed that
interreader variability with MDCT is problematic
and suggested double reading all studies to better
assess coronary calcium. In an article by Goldin
and Yoon,32 mean interreader variability was 4.5%
for electron beam CT versus 41.5% for spiral
CT.32 However, large studies evaluating the repro-
ducibility of MDCT are not yet available.

The previously mentioned studies support the
idea that that the age- and gender-based calcium
score percentiles using EBT cannot always be ap-
plied to the results obtained with MDCT scanners
in patients with CAC score �100; furthermore,
these results may be altered by using slice thick-
nesses other than the 3 mm used for the founda-
tion of the Agatston calcium scoring system.
Moreover, it appears that the calcium scores from
various MDCT scanner manufacturers differ
(confounded by different slice thicknesses) and
their ability to monitor disease progression or re-
gression remains to be fully established. In addi-
tion, CAC scores obtained using gated retrospec-
tive reconstruction algorithms from spiral CT
scanners may not be directly comparable to those
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obtained by EBT; this discrepancy may result in
differences in risk stratification if one uses age-
and gender-based percentile tables derived from
EBT studies. Unfortunately, unlike the standards
for EBT, no standards have been adopted to allow
for comparable measurement of coronary artery
using MDCT. The ideal acquisition protocol is a
subject of controversy for MDCT; ungated imag-
ing should not be done or the results interpreted
only in a subjective and not objective manner.
Recommendations for the standardization of cor-
onary artery imaging by MDCT for prospective as
well as retrospective ECG gating should be estab-
lished in line with recommendations recently sug-
gested by a group of German researchers and cli-
nicians.64

There are several areas regarding coronary ar-
tery calcium quantitation as it relates to use of EBT
versus MDCT that require discussion. These in-
volve temporal scan resolution and slice thickness
during imaging. These issues also include intrin-
sic scan characteristics and revolve around other
common parameters such as FOV and partial vol-
ume (or volume averaging) effects through the
thickness of the tomogram.

Table 1 shows information regarding temporal
and spatial resolution of the EBT and MDCT sys-
tems currently in clinical use. EBT has a “true”
temporal resolution per image for coronary cal-
cium quantitation of 100 milliseconds (86 milli-
seconds for “central time resolution”). Data from
an entire 360 rotation of the scanning gantry are

not needed to produce CT tomograms. The re-
quirement is only 180° (assuming symmetry), and
this is referred to as a “central time resolution” or
central temporal resolution. Commonly, MDCT
scanner manufacturers refer to the temporal reso-
lution of a 500-milliseconds full rotation scanner
as only 250 milliseconds for this reason. By using
a variety of partial scan reconstruction methods
that would require data from more than 1 full
gantry rotation (and thus commensurate in-
creases in radiation exposure), effective temporal
resolutions as low as 125 milliseconds (for this
example) would theoretically be possible. How-
ever, this type of temporal resolution applies only
to a volume in the center of the image. For a
complete scan to be created, data from 180° plus
the width of the scanning or “fan” beam must be
included. Fan beam widths for MDCT are vari-
able, but in general are on the order of 40° to 50°.
Thus, data from 180 � 40 � 220° is nominally
required to produce a complete tomographic sec-
tion of the body. This physical constraint is what
then can be used to calculate the “true” temporal
resolution for any given MDCT scanner.

There are a variety of MDCT systems available
that have been used or are advocated for use re-
garding coronary artery calcium measurements,
and their true temporal resolutions range from
220 milliseconds (16-channel scanner) to 1,000
milliseconds (single-slice scanner). Motion arti-
facts during imaging in any given tomographic
plane or through the volume of the tomogram

Table 1. Basic Description of CT Systems

EBT MDCT

Electron source (cathode) Electron gun Tungsten filament
Target (anode) Tungsten rings in gantry Tungsten anode in x-ray tube
Gantry Fixed—electron beam rapidly

sweeps across tungsten rings
Rotates—tube and opposing

detectors rotate within gantry
Detectors Matrix array Matrix array
Image reconstruction (180° plus

width of fan beam)
Partial scan/filtered back-projection

sharp kernel
Partial Scan/Filtered back-projection

Standard kernel
CT number scale Hounsfield Unit (HU) Hounsfield unit (HU)
mA Fixed User selectable
Exposure time for coronary calcium

(temporal resolution)
100 msec (true prospective) at full

FOV; 86 msec for “central time
resolution”

230 msec (post processing) for 16-
channel systems and longer for
8-,4-,2-, and channel systems
(dependent on gantry rotation
speed and detector design)

mAs Fixed mA � exposure time User selectable mA � exposure
time

Heart rate limitations �110 beats per minute �65 beats per minute
z axis resolution 1.5 mm �1.0 mm
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(volume element or voxel) can alter the calcium
measurements. At heart rates �65 beats per
minute, the fastest of the MDCT systems result in
limited motion artifacts, whereas systems with
temporal resolution approaching 1,000 millisec-
onds (which would be the entire cardiac cycle at a
heart rate of 60 beats per minute) will still con-
found the quantitation of coronary calcium.

The Issue of Slice Thickness

The Agatston calcium scoring was designed as an
area measurement and is predicated on a 3.0-mm
slice thickness. Although this is likely not the
ideal tomographic slice thickness for coronary ar-
tery imaging, it was chosen historically because
the original EBT scanning system in use at the
time for research had 3.0 mm as the thinnest slice
available. Current EBT systems are now able to
perform scanning at 1.5 mm, and the latest MDCT
systems can provide slice thicknesses that are �1
mm. However, current data are based on the tra-
ditional Agatston scoring algorithm, although
other methods such as volume score and inte-
grated area above background may prove to be
more reliable in serial studies. Manufacturers of
MDCT have thus sought to duplicate Agatston
scoring to rival the data from EBT. This has re-
sulted in changing in the initial threshold CT den-
sity (HU) for calcium from the traditional 130
HU29 to 90 HU33 to facilitate baseline similarities
for calcium scores. Lowering the threshold can
potentially reduce partial volume errors caused by
motion artifact (which would result in missing
some coronary calcium) and increases the overall
sensitivity of the scanner for very small areas of

calcification. Some MDCT systems are capable of
acquiring true 3.0-mm slices, whereas others ac-
quire images at 2.5-mm slice thickness. The Agat-
ston score is a nonlinear variable and information
across the area of calcium within the tomogram is
multiplied by 1, 2, 3, or 4 depending on the max-
imum HU within the area under interrogation. By
sampling at 2.5-mm slice intervals rather than
3.0-mm slice intervals, the area is oversampled. If
all parameters are the same, such as FOV and
spatial resolution, a partial solution for estimating
calcium scores done on a 2.5-mm scanner can be
determined by adjusting the score by 2.5/3.0 �
0.8 to compare the result using a 3.0-mm scanner.

Hoff et al6 using EBT and 3.0-mm slice thick-
nesses have published a very large population da-
tabase. These same data have been applied by var-
ious individuals using various MDCT systems,
implying that the data would be similar under
similar conditions. However, this is not entirely
true and depends on which scanner was used for
imaging. The MDCT scanner used in the paper by
Carr et al33 used 3.0-mm slice thicknesses for the
comparison. However, current scanners manufac-
tured by vendors in Germany and Japan use a
2.5-mm slice thickness. Population data for stud-
ies done using an 8-channel MDCT, 2.5-slice
thickness system65 are shown in Table 2 and are
compared with data using EBT as published by
Hoff et al.6 The authors of the former paper indi-
cated that the data from the MDCT scanner were
similar to those found using EBT; however, they
failed to note the issue of slice thickness in the
calculations. The data show calcium scores for
men only, across all ages examined, and for se-
lected percentiles. The comparison calcium

Table 2. Comparison of Coronary Calcium Scores (Agatston Method) in Population-Based Studies
(Men Only): EBT (3.0-mm Slice Thickness) Versus MDCT (2.5-mm Slice Thickness) and
Estimated Corrections for Slice Thickness

Age �40 40–44 45–49 50–54 55–59 60–64 65–70 �70

25th percentile EBT 0 0 0 1 4 13 32 95
MDCT 0 0 0 0 0 1 21 51
MDCT* 0 0 0 0 0 1 17 43

50th percentile EBT 0 1 3 15 48 113 180 360
MDCT 0 0 0 7 35 59 136 211
MDCT* 0 0 0 6 28 47 109 169

90th percentile EBT 14 59 154 332 554 994 1299 1829
MDCT 24 44 181 299 730 793 1452 1693
MDCT* 19 35 145 239 584 634 1162 1354

*Estimated corrections for slice thickness.
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scores, however, accounting for the differences in
slice thicknesses, are shown in Table 2 below the
published data. These data indicate that there can
be considerable differences in absolute calcium
scores depending on the scanner used and under-
lines the need for using data that are specific for
the CT scanner used and depend on the amount of
calcium present. These results underscore the
need to use data that are specific to the machine
used for scanning. In the future, a more universal
scoring system may be possible that would be ma-
chine independent, but at present data derived
from MDCT should be compared with caution
with those derived from EBT.

Summary and Conclusions

EBT has undergone rigorous testing for reliability
and validity and has proven to be useful in identi-
fying individuals with, or at risk for, CHD. Al-
though MDCT is a promising tool for coronary
calcium scoring, more studies are needed compar-
ing EBT and helical CT scans in the same patients,
especially with calcium scores �100. MDCT stud-
ies evaluating progression, reproducibility, and
plaque burden determined by independent meth-
ods like intravascular ultrasound or autopsy and
outcomes studies are needed to fully evaluate its
potential to measure and track atherosclerosis.
MDCT currently provides patients a higher radia-
tion dose and less clinical validation than EBT,
although several groups have published promis-
ing data with this technique.

At present, EBT remains the reference standard
for calcium scoring. It is also important to note
that these results should only be applicable to the
prospectively triggered sequential mode; how-
ever, its applicability to the newer 16-slice MDCT
is also yet to be explored. The absence of CAC on
EBT identifies a group of patients at very low risk
of events with a very high sensitivity and negative
predictive value (�99%) to identify patients with
obstructive coronary artery disease,66 showing a
score of 0 (no coronary calcium) with EBT can
virtually exclude those patients with obstructive
CAD. Raggi67 showed an annual event rate of only
0.36% for patients with scores of zero. Both the
American College of Cardiology/American Heart
Association writing group and the Prevention V
Conference agreed that the negative predictive
value of EBT is very high for short-term events.68

Furthermore, Greenland et al69 from the Ameri-
can Heart Association have suggested that EBT
calcium scores can provide incremental data
above conventional risk factors in patients at in-
termediate risk for a coronary event. It needs to be
determined if a zero score derived from MDCT
devices has the same prognostic and diagnostic
significance in ruling out obstructive CHD as does
a zero score from EBT. The same needs to be
determined for a positive scan and the validity and
reproducibility of the calcium scores by MDCT.
Ideally, MDCT scanners should undergo valida-
tion studies to assess the comparisons to angiog-
raphy, histology, and outcome data before wide-
spread utilization.
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