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First performance evaluation of a dual-source
CT (DSCT) system

Abstract We present a performance
evaluation of a recently introduced
dual-source computed tomography
(DSCT) system equipped with two
X-ray tubes and two corresponding
detectors, mounted onto the rotating
gantry with an angular offset of 90°.
We introduce the system concept and
derive its consequences and potential
benefits for echocardiograph (ECG)-
controlled cardiac CT and for general
radiology applications. We evaluate
both temporal and spatial resolution
by means of phantom scans. We
present first patient scans to illustrate

the performance of DSCT for ECG-
gated cardiac imaging, and we
demonstrate first results using a
dual-energy acquisition mode. Using
ECG-gated single-segment recon-
struction, the DSCT system provides
83 ms temporal resolution indepen-
dent of the patient’s heart rate for
coronary CT angiography (CTA)
and evaluation of basic functional
parameters. With dual-segment re-
construction, the mean temporal
resolution is 60 ms (minimum tem-
poral resolution 42 ms) for advanced
functional evaluation. The z-flying
focal spot technique implemented in
the evaluated DSCT system allows
0.4 mm cylinders to be resolved at all
heart rates. First clinical experience
shows a considerably increased ro-
bustness for the imaging of patients
with high heart rates. As a potential
application of the dual-energy acqui-
sition mode, the automatic separation
of bones and iodine-filled vessels is
demonstrated.
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Introduction

Current status of ECG-gated cardiac CT

Echocardiograph (ECG)-gated cardiac computed tomogra-
phy (CT) examinations with multidetector-row CT (MDCT)
systems were introduced in 1999 [1–3]. Early yet prom-
ising results with this new technique paved the way for the
ongoing integration of coronary CT angiography (CTA)
into routine clinical algorithms. The temporal resolution
of 250 ms with the first-generation of four-slice systems
was sufficient for motion-free imaging of the heart in the
mid- to end-diastolic phase at slow to moderate heart rates
(i.e., up to 65 bpm, [4]). With four simultaneously ac-
quired slices, coverage of the entire heart volume with
thin slices (i.e., 4×1 mm or 4×1.25 mm collimation) within
a single breath hold became feasible. This 1- to 1.25-mm
longitudinal resolution combined with the improved con-
trast resolution of modern CT systems enabled nonin-
vasive visualization of the coronary arteries [5–8]. The
initial clinical studies demonstrated MDCT’s potential to
not only detect but to some degree also characterize
noncalcified and calcified plaques in the coronary arteries
based on their CT attenuation [9, 10]. With regard to the
quantification of calcium (Ca) in the coronary arteries (Ca
scoring), comparative studies of electron-beam CT (EBCT)
and prospectively ECG-triggered four-slice CT were per-
formed that could demonstrate good agreement of the
measurements in phantom experiments [11] and high cor-
relation in patient studies [12]. Early experience demon-
strated that basic cardiac function parameters derived with
four-slice CT correlate well with the gold-standard tech-
niques of magnetic resonance imaging (MRI) and coronary
angiography based on a standardized selection of the car-
diac phase for end-diastolic and end-systolic CT recon-
struction and semiautomated evaluation tools [13]. Despite
all these promising advances, challenges and limitations
with respect to motion artifacts in patients with higher
heart rates, limited spatial resolution, and long breath-hold
times remained for four-slice cardiac CT. Stents or se-
verely calcified arteries constitute a diagnostic dilemma
using these systems, mainly due to partial volume artifacts
as a consequence of insufficient longitudinal resolution
[8]. For patients with higher heart rates, careful selection
of separate reconstruction intervals for different coro-
nary arteries has been mandatory [14]. The breath-hold
time of about 40 s required to cover the entire heart vol-
ume (∼12 cm) with four-slice CT is almost impossible to
comply with for patients with manifest heart disease.

Sixteen-slice CT systems with gantry rotation times
down to 0.375 s have improved spatial and temporal res-
olution compared to four-slice scanners while examination
times are considerably reduced: the entire heart volume can
be covered with submillimeter slices in 15–20 s [15, 16].
Sixteen-slice systems have been used to introduce ECG-
triggered and ECG-gated MDCT examinations of the heart

and the coronary arteries into clinical practice. Detection
and characterization of coronary plaques, even in the pres-
ence of severe calcifications, benefit from the increased
robustness of 16-slice technology. A study of coronary
CTA with a 16-slice system in 59 patients demonstrated
86% specificity and 95% sensitivity for identifying signif-
icant coronary artery stenosis. None of the patients had to
be excluded [17], as in previous studies, based on less-
advanced scanner technology. Other investigators reported
similar results [18–20].

The latest generation of 64-slice CT systems provides
further increased spatial resolution (0.4-mm isotropic
voxels with the use of advanced z-sampling techniques
[21]) and improved temporal resolution due to gantry
rotation times down to 0.33 s, and they are a further leap
in integrating coronary CTA into routine clinical algo-
rithms. ECG-gated cardiac scanning benefits from both
improved temporal resolution and improved spatial res-
olution. Nevertheless, motion artifacts remain the most
important challenge for coronary CTA, even with the lat-
est generation of MDCT. While image quality at higher
heart rates and robustness of the method in clinical rou-
tine seem to be significantly improved with 64-slice CT
systems compared with previous generations of MDCT
systems, several authors still propose the administration
of beta-blockers. Leber et al. included the oral adminis-
tration of 50 mg of metoprolol into their study protocol
for patients with heart rates >70 bpm [22]. Raff et al.
reported excellent specificity, sensitivity, and positive and
negative predictive values of 95%, 90%, 93%, and 93%,
respectively, for the presence of significant stenosis on a
per-patient basis [23]. Patients in this study received med-
ication with atenolol to achieve a target heart rate <65 bpm,
yet no patient was excluded because of a heart rate above
this target. Mollet et al. reported similar results for their
study group who received beta-blockers if the initial heart
rate was >70 bpm [24]. Even though Wintersperger et al.
demonstrated the ability of 64-slice CT with a gantry ro-
tation time of 0.33 s to produce diagnostic image quality
over a wide range of heart rates (up to 92 bpm) with a low
number of nondiagnostic segments, even at high heart rates
[25], some heart rates are still problematic. The authors
observed good image quality in diastole for patients with
heart rates <65 bpm and good image quality in end systole
for patients with heart rates >75 bpm, yet image quality
in the intermediate region was compromised, and neither
diastolic nor systolic reconstruction yielded optimal results
reliably.

Potential for improvement and alternative
system concepts

Further-improved temporal resolution of less than 100 ms
at all heart rates is desirable to completely eliminate the
need for heart-rate control. Increased gantry rotation speed
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rather than multisegment reconstruction approaches ap-
pears preferable for robust clinical performance [26].
Obviously, significant development efforts are needed to
account for the substantial increase in mechanical forces
(∼17G for 0.42 s rotation time, ∼28G for 0.33 s rotation
time) and increased data transmission rates. Rotation times
of less than 0.2 s (mechanical forces >75G), which are
required to provide a temporal resolution of less than
100 ms independent of the heart rate, appear to be beyond
today’s mechanical limits.

An alternative scanner concept that avoids any mechani-
cally moving parts is the EBCT. An electron beam is
emitted from a powerful electron gun and magnetically
deflected to hit a semicircular anode surrounding the pa-
tient. The magnetic deflection sweeps the electron beam
over the target, thus generating an X-ray source that vir-
tually rotates around the patient. Given the absence of
mechanically moving parts, a sweep can be accomplished
in as little as 50 ms.

EBCT systems were already introduced in 1984 as a
noninvasive imaging modality for the diagnosis of coro-
nary artery disease [27–30]. The technical principles have
been discussed previously [31–33]. Due to the restriction
to nonspiral, sequential scanning, a single breath-hold scan
of the entire heart requires slice widths not smaller than
3 mm. The resulting limited longitudinal resolution is suf-
ficient for Ca-scoring examinations; it is, however, not ad-
equate for 3-D visualization of the coronary arteries. EBCT
suffers from inherent disadvantages of the measurement
principle, which have prevented a more wide-spread use of
these systems in cardiology or general radiology. Due to
the fourth-generation system geometry, the use of anti-
scatter collimator blades on the detector is not possible. As
a consequence, image quality is degraded by scattered
radiation, with typical artifacts presenting, e.g., in the form
of hypodense zones in the mediastinum. Due to the ring
collimator used to shape the beam in the z-direction, the
radiation profiles on the detector are “banana shaped,”
resulting in a problematic geometrical dose efficiency of
the system. While the available X-ray power is sufficient
for small patients, it is at the limit for medium-sized and
larger patients. As a consequence, signal-to-noise ratio is
at least problematic, if not insufficient, for larger patients.
In summary, the EBCT principle is currently not consid-
ered adequate for state-of-the-art cardiac imaging or for
general radiology applications.

An alternative concept to improve temporal resolution
for cardiac CT while maintaining the good general imag-
ing capabilities of a modern third-generation CT system is
a scanner design with multiple X-ray sources and detectors
that has already been described in the early times of CT
[34, 35]. In this paper, we evaluate a recently introduced
dual-source CT (DSCT) system (SOMATOM Definition,
Siemens Medical Solutions, Forchheim, Germany). We
introduce the system concept and derive its consequences
and potential benefits for ECG-controlled cardiac CT and

for general radiology applications. We evaluate both tem-
poral and spatial resolution by means of phantom scans.
We present first patient scans to illustrate the performance
of DSCT for ECG-gated cardiac imaging, we demonstrate
first results using a dual-energy acquisition mode, and we
end with a discussion of the potential of DSCT for both
cardiac and general-purpose CT.

Materials and methods

Instrumentation

DSCT system design

The evaluated DSCT system is equipped with two X-ray
tubes and two corresponding detectors. The two acquisi-
tion systems are mounted onto the rotating gantry with an
angular offset of 90°. Figure 1 illustrates the principle. One
detector (A) covers the entire scan field of view (50 cm in
diameter) while the other detector (B) is restricted to a
smaller, central field of view (26 cm in diameter) due to
space limitations on the gantry (see Fig. 2). Each detector
comprises 40 detector rows, the 32 central rows having a
0.6-mm collimated slice width and the outer rows on both
sides having a 1.2-mm collimated slice width. The total
coverage in the longitudinal direction (z-direction) of each
detector is 28.8 mm at isocenter. By proper combination of
the signals of the individual detector rows, the detector
configurations of 32×0.6 mm or 24×1.2 mm can be re-
alized. Using the z-flying focal spot technique [21, 36], two
subsequent 32-slice readings with 0.6 mm collimated slice
width are combined to one 64-slice projection with a

Fig. 1 The evaluated dual-source computed tomography (DSCT)
system with a schematic illustration of the acquisition principle
using two tubes and two corresponding detectors offset by 90°. A
scanner of this type provides temporal resolution equivalent to a
quarter of the gantry rotation time, independent of the patient’s
heart rate
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sampling distance of 0.3 mm at isocenter. In this way,
each detector acquires 64 overlapping 0.6 mm slices per
rotation. The shortest gantry rotation time is 0.33 s; other
gantry rotation times are 0.5 s and 1.0 s. Each of the two
rotating envelope X-ray tubes (STRATON, Siemens Med-
ical Solutions, Forchheim, Germany, [37]) allows up to
80-kW peak power from the two on-board generators.
Both tubes can be operated independently with regard to
their kilovolt (kV) and milliampere (mA) settings. This
allows the acquisition of dual-energy data, with one tube
being operated at, e.g., 80 kV while the other is operated
at, e.g., 140 kV.

Key features of DSCT for ECG-gated cardiac
scanning

The key benefit of DSCT for cardiac scanning is improved
temporal resolution. A scanner of this type provides tem-
poral resolution of approximately a quarter of the gantry
rotation time, independent of the patient’s heart rate and
without the need for multisegment reconstruction tech-
niques. In general, partial scans are used for ECG-gated
image reconstruction with single-source CT systems, with
a scan data segment covering 180° plus the detector fan
angle (about 50–60°, depending on system geometry). This
is the minimum data necessary for image reconstruction
throughout the entire scan field of view (SFOV) of usual-
ly 50-cm diameter. The temporal resolution at a certain
point in the SFOV is determined by the acquisition time
window of the data, contributing to the reconstruction of
that particular image point. Similar to slice-sensitivity pro-

files (SSP), temporal resolution may be characterized by
time-sensitivity profiles (TSP). The temporal resolution
ΔTima assigned to an image is the full width at half max-
imum (FWHM) of the TSP. In a single-source, noncardiac
partial scan approach, the entire partial scan data segment is
used for image reconstruction at any point of the SFOV.
Redundant data are weighted using algorithms such as the
one described by Parker [38]. To improve temporal res-
olution, modified reconstruction approaches for partial
scan data have been proposed [1, 39], which are best ex-
plained in parallel geometry. A third-generation CT scan-
ner acquires data in fan-beam geometry, characterized by
the projection angle α and by the fan angle β within a
projection. Another set of variables serving the same pur-
pose is θ and b: θ is the azimuthal angle and b denotes the
distance of a ray from the isocenter (see Fig. 3), and θ and
b are used to label rays when projection data are in the
form of parallel projections. A simple coordinate trans-
formation relates the two sets of variables.

� ¼ �þ � (1)

and

b ¼ RF sin � (2)

where RF is the focus-isocenter distance of the scanner.
Using these equations, the measured fan-beam data can
be transformed to parallel data, a procedure called “re-
binning.” In parallel geometry, 180° of scan data—a half-
scan sinogram—are necessary for image reconstruction.
Due to data acquisition in fan-beam geometry, a partial

Fig. 2 Technical realization of the dual-source computed tomog-
raphy (DSCT) system. One detector (A) covers the entire scan field
of view with a diameter of 50 cm while the other detector (B) is
restricted to a smaller, central field of view due to space limitations
on the gantry

Fig. 3 Definition of variables used to characterize the measurement
rays of a computed tomography (CT) scanner. A parallel projection
is obtained by assembling rays from several fan-beam projections

259



scan interval larger than 180°, namely, 180° plus the de-
tector fan angle, is necessary to provide 180° of parallel
data for any image point within the SFOV. In the center
of rotation, for β=0, 180° of the acquired fan-beam data
are sufficient to provide 180° of parallel data (see Eq. 1).
If all redundant data are neglected, temporal resolution
ΔTimain the center of rotation can be as good as 180°/
360°=1/2 times the rotation time of a single-source CT
scanner. For 0.33 s rotation ΔTima=trot/2=165 ms.

In a DSCT scanner, the half-scan sinogram in parallel
geometry can be split up into two quarter-scan sinograms,
which are simultaneously acquired by the two acquisi-
tion systems in the same relative phase of the patient’s
cardiac cycle and at the same anatomical level due to the
90° angle between both detectors (see Fig. 4). The two
quarter-scan segments are appended by means of a smooth
transition function to avoid streaking or other artifacts from
potential discontinuities at the respective start and end
projections (transition angle 30°). The use of a transition
function does not affect the FWHM of the TSP. Since the
second detector does not cover the entire SFOV, its projec-
tions are potentially truncated and have to be extrapolated
by using data acquired with the first detector at the same
projection angle (i.e., a quarter rotation earlier). With this
approach, constant temporal resolution ΔTima equivalent
to a quarter of the gantry rotation time trot/4 is achieved in
a centered region of the scan field of view that is covered
by both acquisition systems. For trot=0.33 s, the temporal
resolution is ΔTima=trot/4 = 83 ms, independent of the
patient’s heart rate. Data from one cardiac cycle only are
used to reconstruct an image. Thus, the basic mode of
operation of a DSCT system corresponds to single-seg-
ment reconstruction. This is a major difference to conven-
tional MDCT systems, which can theoretically provide

similar temporal resolution by means of multisegment
reconstruction approaches [39, 2]. With these approaches,
temporal resolution strongly depends on the heart rate, and
a stable and predictable heart rate and complete periodicity
of the heart motion are required for adequate performance.
Optimal temporal resolution can only be achieved at a few
“sweet spots,” where the patient’s heart rate and the gantry
rotation time of the scanner are properly desynchronized.

Fig. 4 Principle of echocardiograph (ECG)-gated spiral image
reconstruction for a dual-slice computed tomography (DSCT)
system. The position of the detector slices of both measurement
systems A (red dotted lines) and B (green dotted lines) relative to the
patient is indicated as a function of time. At the bottom, the patient’s
ECG signal is shown schematically. To simplify the drawing, only
four detector slices are shown, and the red and green lines are
slightly shifted in the z-direction. In reality, each of the two detectors

in the evaluated DSCT scanner acquires 64 overlapping 0.6-mm
slices by means of double z-sampling. Both detectors cover the same
z-positions; there is no z-shift between them. Due to the 90° angle
between both detectors, the half-scan sinogram in parallel geometry
can be split up into two quarter-scan sinograms, which are
simultaneously acquired by the two acquisition systems in the
same relative phase of the patient’s cardiac cycle and at the same
anatomical level (indicated as red and green quarter circles)

Fig. 5 Temporal resolution as a function of the patient’s heart
rate for a single-source multidetector-row computed tomography
(MDCT) system at 0.33-s gantry rotation time and for the evaluated
dual-source CT (DSCT) scanner at 0.33-s gantry rotation time. The
MDCT reaches 83 ms temporal resolution only using dual-segment
reconstruction and only at 66 bpm, 81 bpm, and 104 bpm (blue
line). The DSCT system provides 83 ms temporal resolution inde-
pendent of the patient’s heart rate using single-segment reconstruc-
tion (green line). Using dual-segment reconstruction (red line), tem-
poral resolution varies as a function of the heart rate, and a mean
temporal resolution of about 60 ms can be established for advanced
functional evaluations
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Figure 5 shows the temporal resolution as a function of the
patient’s heart rate for a conventional MDCT system with
0.33-s gantry rotation time (SOMATOM Sensation 64,
Siemens Medical Solutions, Forchheim, Germany) and for
the evaluated DSCT system. While the MDCT reaches
83 ms temporal resolution only using dual-segment recon-
struction and only at 66 bpm, 81 bpm, and 104 bpm, the
DSCT provides 83 ms temporal resolution at all heart rates
using only one cardiac cycle worth of data.

It is interesting to note that multisegment approaches
can also be applied to DSCT. In a two-segment recon-
struction, the quarter-scan segments acquired by each of
the two detectors are independently divided into smaller
subsegments acquired in subsequent cardiac cycles of the
patient—similar to two-segment reconstruction in conven-
tional MDCT. Using a multisegment approach, temporal
resolution again varies as a function of the patient’s heart
rate, and a mean temporal resolution of about 60 ms can
be established at 0.33-s gantry rotation time (see Fig. 5)
(minimum temporal resolution 42 ms). While this mode
is not recommended for coronary angiography examina-
tions, it may be beneficial for advanced functional evalua-
tions, such as the detection of wall motion abnormalities,
or the determination of parameters, such as peak ejection
fraction. For coronary angiography examinations and the
assessment of basic functional parameters, the single-seg-
ment mode is expected to provide sufficient temporal
resolution at clinically relevant heart rates.

Since multisegment reconstruction for higher heart
rates will not be required for coronary CTA and basic
functional evaluation, the table feed can be efficiently
adapted to the patient’s heart rate and significantly in-
creased at elevated heart rates. It has been shown [39]
that the pitch, p, for a single-segment ECG-gated spiral
reconstruction should not exceed

p ¼ M � 1

M

� �
trot
TRR

(3)

for gapless volume coverage in any phase of the cardiac
cycle. M is the number of collimated detector rows, trot
is the gantry rotation time, and TRR is the patient’s heart
cycle time. For the evaluated DSCT system, M=32 and
trot=0.33 s. In terms of the heart rate (heart rate HR=
60/TRR, in beats/minute bpm) and assuming a confidence
interval of 10 bpm that the heart rate of the patient is
allowed to drop during examination, the allowed pitch
and table feed settings may be calculated (Table 1).

Using the evaluated CT scanner, the heart rate of the
patient is monitored before the examination, the lowest
heart rate observed during the monitoring phase is taken,
and an additional safety margin of 10 bpm is subtracted
to automatically adjust the table feed for the scan. The
safety margin of 10 bpm is already included in the values
shown in Table 1.

The increased pitch at higher heart rates does not only
reduce the examination time but reduces the radiation dose
to the patient. With a single-source CT, the pitch cannot
be increased at higher heart rates because multisegment
reconstruction must be used to improve temporal reso-
lution. This is not necessary for DSCT. Another means
to reduce patient dose, which is implemented in the eval-
uated DSCTscanner, is a flexible ECG-pulsing mechanism,
which reacts to ectopic beats and heart rate variations.

Key features of DSCT for general radiology
applications

Using only one of the two acquisition systems, the
evaluated DSCT scanner is a fully functional, 64-slice,
single-source CT for general radiology applications. Its
performance is essentially the same as previously de-
scribed [36]. If both acquisition systems are used, DSCT
systems show some interesting properties for general
radiology applications in addition to the benefit of im-
proved temporal resolution for cardiac CT examinations.

First, both X-ray tubes can be operated simultaneously
in a standard spiral or sequential acquisition mode, in this
way providing up to 160 kW X-ray peak power. Addi-
tionally, both X-ray tubes can be operated at different kV
and mA settings, allowing the acquisition of dual-energy
data. While dual-energy CT was evaluated 20 years ago
[40, 41], technical limitations of the CT scanners at those
times prevented the development of routine clinical ap-
plications. For a successful application of dual-energy
postprocessing algorithms, the image noise in both image
data sets—acquired at low kV (e.g., 80 kV) and at high
kV (e.g. 140 kV)—has to be similar, which was not pos-
sible in the early days of dual-energy CT due to insuffi-
cient power reserves for the low kV scan. This limitation
no longer exists on the DSCT system, and dual-energy
data can be acquired nearly simultaneous with subsecond
scan times. The ability to overcome data registration prob-
lems should provide clinically relevant benefits.

The use of dual-energy CT data can in principle add
functional information to the morphological information
based on X-ray attenuation coefficients that is usually ob-
tained in a CT examination. A potential application is the
separation of bones and iodine-filled vessels in CT angi-

Table 1 Heart-rate-dependent pitch and table feed settings for the
evaluated dual-slice computed tomography (DSCT) scanner

Heart rate in bpm Pitch Table feed in mm/s

50 0.21 12.8
60 0.27 16.0
70 0.32 19.2
80 0.37 22.4
90 0.43 25.6
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ographic examinations, e.g., of the circle of Willis, so that
the bones can be automatically removed with only the
vessels remaining in the resultant images. Iodine shows
a much larger increase of the CT value with decreasing
X-ray tube voltage than hydroxyapatite, which is the basis
for iodine–bone separation using dual-energy CT. Figure 6
shows a computer simulation of the CT values of mixtures
of iodine and blood and of bone and bone marrow at X-ray
tube voltages of 80 kV and 140 kV, using the prefiltration
of the evaluated DSCT scanner. In principle, image pixels
with a CT value >100 HU at 140 kV should be separable
into iodine pixels or bone pixels according to their position
in the diagram of Fig. 6. The quality of the separation will
improve with increasing CT density. At low to medium CT
values, it will be hampered by image noise, requiring the
use of additional knowledge-based postprocessing algo-
rithms to reliably identify the corresponding pixels.

Phantom experiments

Evaluation of temporal resolution

We performed experiments with a moving coronary artery
phantom to compare the performance of the evaluated
DSCT and a state-of-the-art MDCT (SOMATOM Sensa-
tion 64, Siemens Medical Solutions, Forchheim, Germany)
for ECG-gated spiral scanning, in particular with regard
to temporal resolution. The phantom consisted of three
contrast-filled lucite tubes with a lumen of 4 mm. Coro-
nary artery stents were inserted in two of the tubes. One
of the stents contained an artificial 50% stenosis. The
tubes were immersed in a water bath and moved in a
periodic manner by a computer-controlled robot arm at an
angle of 45° relative to the scan plane to simulate heart
motion (see Fig. 7). The motion amplitudes and velocities
of the robot arm were based on published values for the
coronary arteries (42) to provide a model as realistic as
possible. We scanned the phantom with the DSCT scan-
ner and the single-source 64-slice CT. We used motion
patterns corresponding to heart rates of 70 bpm and
90 bpm. Figure 8 shows the motion curve for 90 bpm.
Scan parameters for the DSCT system were: 120 kV,
400 mA for each X-ray tube, 0.33-s gantry rotation,
32×0.6 mm collimation for each detector, pitch 0.32
(70 bpm) and pitch 0.43 (90 bpm), and single-segment
reconstruction with 83-ms temporal resolution. For the
MDCT, we used the standard protocol for ECG-gated
coronary CTA: 120 kV, 500 mA, 0.33-s gantry rotation,
32×0.6-mm collimation, pitch 0.2, and two-segment re-
construction with ∼140 ms and ∼160 ms temporal reso-
lution at 70 bpm and 90 bpm, respectively. For both
systems, the z-flying focal spot technique was used to
acquire 64 simultaneous overlapping 0.6-mm slices [21].

Measurement of slice-sensitivity profiles (SSPs)

To determine SSPs for the ECG-gated spiral mode of the
DSCT system, we scanned a thin gold plate (40-μm thick)
embedded in a lucite cylinder. The gold plate was placed

Fig. 6 Computer simulation of the computed tomography (CT)
values (HU) of mixtures of iodine and blood and of bone and bone
marrow at X-ray tube voltages of 80 kV and 140 kV, illustrating the
potential of dual-energy CT to separate image pixels with a CT
value >100 HU at 140 kV into iodine pixels (blue line) or bone
pixels (black, red, and yellow lines) according to their position in the
diagram

Fig. 7 Computer-controlled
robot arm moving contrast-filled
tubes (“coronary arteries”) in a
water tank. The motion ampli-
tudes and velocities of the robot
arm can be adjusted to provide a
realistic motion pattern of the
coronary arteries
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close to the isocenter of the scanner, and highly over-
lapping images with an increment of 0.1 mm were re-
constructed for the desired nominal slice widths. The
reconstruction range was large enough to encompass
the SSP of the system, i.e., in the first and last images,
the gold plate had completely disappeared, and only the
lucite cylinder was visible. For each of the overlapping
images, the mean CT value in a small region of interest
within the gold plate was determined, and the background
CT value (CT value of the lucite cylinder without the gold
plate) was subtracted. The maximum of these corrected
mean values (with the gold plate fully in the reconstructed
slice) was normalized to 1. The normalized mean values,
plotted as a function of the z-positions of the respective
image slices, represent the measured SSP. The FWHM of
this SSP is the measured slice width. The scan parameters
were: 120 kV, 200 mA for each X-ray tube, 0.33-s gantry
rotation, 32×0.6-mm collimation for each detector (with
z-flying focal spot), pitch 0.32, and single-segment recon-
struction with 83-ms temporal resolution. Using an artifi-
cial ECG signal with 70 bpm, we reconstructed overlapping
images with 0.6-mm, 0.75-mm, 1.0-mm, 1.5-mm, and
2-mm nominal slice width and 0.1-mm increment.

Investigation of longitudinal (z-axis) spatial resolution

To investigate the maximum achievable longitudinal res-
olution of the DSCT system for ECG-gated spiral scan-
ning, we scanned a z-resolution phantom placed at the
isocenter of the scanner. The z-resolution phantom consists
of a lucite plate with rows of cylindrical holes (diameters
0.4 mm, 0.5 mm, 0.6 mm, 0.7 mm, 0.8 mm, 0.9 mm,

1.0 mm, 1.2 mm, 1.5 mm, 2 mm, and 3 mm) aligned in the
z-direction. The scan parameters for the DSCT system
were: 120 kV, 250 mA for each X-ray tube, 0.33-s gantry
rotation, 32×0.6-mm collimation for each detector (with
z-flying focal spot), pitch 0.32 (70 bpm) and pitch 0.43
(90 bpm), and single-segment reconstruction with 83-ms
temporal resolution. We reconstructed overlapping im-
ages with 0.6-mm nominal slice width and 0.1-mm in-
crement and used multiplanar reformations (MPRs) in the
z-direction to determine the minimum diameter of the
cylinders that could be resolved and to evaluate geo-
metrical distortions.

Investigation of dual-energy imaging

For a first investigation of the dual-energy imaging ca-
pabilities of the evaluated DSCT scanner, we scanned a
piece of pork containing bone and metal pieces. Tubes
filled with solutions of contrast agent with different den-
sities were wrapped around it and put through holes in the
bone. The whole specimen was inserted into a water tank
with a diameter of 20 cm. The goal of the experiment was
the separation of bone and iodine using dual-energy in-
formation. Scan parameters were: 140 kV and 150 mA
(tube A), 80 kVand 350 mA (tube B), 0.5-s gantry rotation,
and 32×0.6-mm collimation with z-flying focal spot for
each detector.

Patient examinations

Patients referred for clinically indicated CT coronary
angiography were imaged using the evaluated DSCT
scanner. A group of eight patients were scheduled for
coronary CTA and did not receive medication to lower the
heart rate prior to the examination. Six patients had stable
heart rates during the scan (variation not larger than
±5 bpm), namely, 65 bpm, 90 bpm, 75 bpm, 85 bpm,
90 bpm, and 90 bpm, respectively. The other two patients
had varying heart rates, namely, 55 –71 bpm in both cases.
The patients received 80–100 ml contrast agent at a flow
rate of 4–5 ml/s, followed by a 50-ml saline bolus at the
same flow rate. All patients were scanned in craniocaudal
direction. The scan parameters were: 120 kV, 550 mA for
each X-ray tube, 0.33-s gantry rotation, 32×0.6-mm col-
limation with z-flying focal spot for each detector, pitch
0.265–0.36, depending on the patient’s heart rate, and
single-segment reconstruction with 83-ms temporal reso-
lution. The patient’s ECG signal was recorded during scan
acquisition. The cardiac phase was individually selected
for each patient as the phase that produced the best image
quality. ECG-based modulation of the tube current was
used to lower the radiation exposure in all cases.

Fig. 8 Example of a motion curve for the computer-controlled robot
arm, simulating a heart rate of 90 bpm. Shown is the motion pattern
of a coronary artery based on values given in the literature
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Results

Phantom experiments

Temporal resolution

Figures 9 and 10 show axial slices and MPRs of the
moving coronary artery phantom at 70 bpm (Fig. 9) and
at 90 bpm (Fig. 10), both for the evaluated DSCT system
(top) and for a comparable 64-slice single-source CT
system (bottom). The temporal resolution of the DSCT is
83 ms in both cases, the temporal resolution of the sin-
gle source CT with 0.33-s gantry rotation time, and two-
segment reconstruction is 140 ms (70 bpm) and 160 ms
(90 bpm), respectively. The phantom simulates realistic
coronary artery motion, see Fig. 8for a representative mo-
tion curve. The images at 70 bpm show only slight motion
artifacts with the single-source CT since its temporal
resolution (140 ms) is sufficient to adequately visualize the
moving phantom if the reconstruction phase is carefully
optimized. At 90 bpm, the single-source CT images show
increased motion artifacts. Image quality is degraded by
blurring, step, and band artifacts as a consequence of the
insufficient temporal resolution of 160 ms at this heart rate.
With the DSCT system, the depiction of the moving
coronary artery phantom is nearly free of artifacts both

at 70 bpm and at 90 bpm, thereby allowing for a reliable
evaluation of the in-stent lumen at both heart rates.

Slice-sensitivity profiles (SSPs)

Figure 11 shows measured SSPs (at isocenter) of the nom-
inal 0.6-mm, 0.75-mm, 1.0-mm, 1.5-mm, and 2.0-mm
slices for the ECG-gated spiral scan mode of the evaluated
DSCT system. The images were reconstructed using an
artificial ECG signal with 70 bpm. The reconstruction
phase was 60%. The SSPs are symmetrical, bell-shaped
curves without far-reaching tails that would degrade lon-
gitudinal resolution. The measured FWHMs are 0.7 mm,
0.83 mm, 1.05 mm, 1.5 mm, and 2.05 mm, respectively, in
good agreement with the nominal values.

Longitudinal (z-axis) spatial resolution

Figure 12 shows MPRs of the z-resolution phantom (lu-
cite plate with cylindrical holes) in the isocenter of the
DSCT scanner, reconstructed with 0.6-mm nominal slice
width (measured FWHM ∼0.7 mm) and 0.1-mm image
increment. ECG-gated spiral scan data were acquired at
pitch p=0.32 and p=0.43 and reconstructed using artificial

Fig. 10 Axial slices and multiplanar reformations (MPRs) of the
moving coronary artery phantom at 90 bpm for the evaluated dual-
source computed tomography (DSCT) system (top) and for a com-
parable 64-slice single-source CT system (bottom), both at 0.33-s
gantry rotation time. The temporal resolution of the DSCT is 83 ms,
and the temporal resolution of the multidetector-row CT (MDCT)
using two-segment reconstruction at 90 bpm is 160 ms. The in-stent
stenosis (arrow) can be clearly appreciated on the DSCT images, the
MDCT images show blurring and band artifacts

Fig. 9 Axial slices and multiplanar reformations (MPRs) of the
moving coronary artery phantom at 70 bpm for the evaluated dual-
source computed tomography (DSCT) system (top) and for a com-
parable 64-slice single-source CT system (bottom), both at 0.33-s
gantry rotation time. The temporal resolution of the DSCT is 83 ms,
and the temporal resolution of the multidetector-row CT (MDCT)
using two-segment reconstruction at 70 bpm is 140 ms. The in-stent
stenosis (arrow) can be clearly appreciated on the DSCT images
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ECG signals with 70 bpm (Fig. 12, top) and 90 bpm
(Fig. 12, bottom), respectively. For both heart rates, all
cylinders down to 0.4-mm diameter can be resolved, and
the MPRs are free of geometric distortions, thus proving
the spatial integrity of the 3-D image. Heart-rate-inde-

pendent spatial resolution is an important requirement for
clinically reliable coronary CTA. Using the thinnest slice
width and sharp kernels, 0.5-mm in-plane and 0.4-mm
through-plane resolution can be achieved in clinical rou-
tine with ECG-gated spiral modes. Using medium-smooth
convolution kernels and a nominal 0.75-mm slice to bal-
ance resolution and image noise, spatial resolution can be
as good as 0.6–0.7 mm in-plane and 0.5 mm through-
plane.

Investigation of dual-energy CT

Figure 13 shows the result of the dual-energy specimen
study where a contrast-filled tube was wrapped around a
pig bone and scanned using 80 kV/140 kV. On the left,
the original image is shown. For the image on the right,
the bone was automatically removed using dual-energy
information. Even in critical anatomical situations where
the contrast-filled tubes pass through the bone or are im-
mediately adjacent to it, the fully automated bone–iodine
separation was successful.

Patient examinations

Clinically diagnostic image quality could be obtained for
each of the eight patients in our study. In all cases, the
coronary arteries were depicted smoothly without the blur-
ring, step, or band artifacts that indicate insufficient tem-

Fig. 11 Measured slice-sensitivity profiles (SSPs) (at isocenter) of
the nominal 0.6 mm, 0.75 mm, 1.0 mm, 1.5 mm, and 2.0 mm slices
for the echocardiograph (ECG)-gated spiral scan mode of the
evaluated dual-source computed tomography (DSCT) system. The
measured full width at half maximums (FWHMs) are 0.7 mm,
0.83 mm, 1.05 mm, 1.5 mm, and 2.05 mm

Fig. 12 Multiplanar reformations (MPRs) of the z-resolution phan-
tom (lucite plate with cylindrical holes) in the isocenter of the
evaluated dual-slice computed tomography (DSCT) scanner, scanned
with the echocardiograph (ECG)-gated spiral mode and recon-
structed with 0.6-mm nominal slice width using artificial ECG
signals with 70 bpm (top) and 90 bpm (bottom), respectively. For
both heart rates, all cylinders down to 0.4-mm diameter can be
resolved

Fig. 13 Separation of bones and iodine-filled vessels in a computed
tomography (CT) angiographic examination by means of dual-
energy techniques. Tubes filled with solutions of contrast agent with
different densities were wrapped around a bone in a piece of pork
and scanned in a dual-energy mode with 80 kV/140 kV. Addition-
ally, stents and metal pieces were inserted. On the left, the original
image is shown. For the image on the right, the bone was
automatically removed using dual-energy information
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poral resolution. In general, the best reconstruction results
were obtained in diastole for patients with heart rates below
75 bpm whereas end-systolic reconstruction yielded better
results for patients with higher heart rates. Figures 14 and
15 show images from a 59-year-old man with suspicion of
right coronary artery (RCA) stenosis. The mean heart rate
of the patient during the scan was 85 bpm. Both in end
systole (reconstruction phase 28% of the cardiac cycle) and
in diastole (reconstruction phase 65% of the cardiac cycle),
the coronary artery system is clearly depicted with no or
very little motion artifacts owing to the temporal resolution
of 83 ms. The tube current used (550 mA for each tube)
corresponds to a total effective mAs at pitch 0.36 of 1,008.
With CTDIw=4.6 mGy/100 mAs, this corresponds to a
dose of CTDIVol =46.4 mGy. Using ECG pulsing with a
full-quality-image reconstruction window of 25–65% of
the cardiac cycle, the dose could be lowered by 30%, re-
sulting in CTDIVol=32.5 mGy.

Discussion

Temporal resolution better than 100 ms in combination
with submillimeter spatial resolution and examination times
not longer than 10 s to cover the entire heart volume are
considered prerequisites for successful implementation of
cardiac CT into routine clinical algorithms. DSCT scan-
ners with 0.33-s gantry rotation time and 32×0.6-mm
collimation in combination with double z-sampling for the
simultaneous acquisition of 64 overlapping 0.6-mm slices
can fulfill these requirements: temporal resolution is as
good as 83 ms independent of the heart rate for coronary
CTA and basic functional evaluation. Two-segment recon-
struction provides 60 ms mean temporal resolution for
advanced functional assessment. The spatial resolution is
about 0.6–0.7 mm in-plane and 0.5 mm through-plane for
routine coronary CTA examinations using medium-smooth
convolution kernels and 0.75-mm nominal slice width. It
can be improved to 0.5 mm in-plane and 0.4 mm through-
plane for the evaluation of stents and severely calcified
coronary arteries by using sharp kernels and 0.6-mm nom-
inal slice width. The scan time for a 120-mm scan volume
ranges between 5 s and 9 s, depending on the patient’s heart
rate. Clinical studies will have to demonstrate the clinical
value in cardiac CT of DSCT systems although first clin-
ical experience shows a considerably increased robustness
of the method for the imaging of patients with high heart
rates.

In addition to their benefits for cardiac examinations,
DSCT scanners also show promising properties for general
radiology applications. First, both X-ray tubes can be
operated simultaneously in a standard spiral or sequential
acquisition mode, in this way providing up to 160 kW X-
ray peak power. These power reserves are not only ben-
eficial for the examination of morbidly obese patients,

Fig. 14 Volume-rendering technique (VRT) of a 59-year-old man
with suspicion of right coronary artery (RCA) stenosis. The patient’s
mean heart rate during the scan was 85 bpm.Left: diastolic
reconstruction at 65% of the cardiac cycle. Right: end-systolic
reconstruction at 28% of the cardiac cycle. In both cases, the
coronary arteries are clearly depicted, with little or no motion
artifacts

Fig. 15 Maximum intensity projection (MIP) reconstructions
showing the origins of right coronary artery (RCA) and left main
coronary artery (LM) for the patient in Fig. 14, with a mean heart
rate of 85 bpm during the scan. Left: diastolic reconstruction at 65%
of the cardiac cycle. Right: end-systolic reconstruction at 28% of the
cardiac cycle. Note the changed position of the RCA with the
attached small side branches
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whose numbers have dramatically grown in Western so-
cieties, but also to maintain adequate X-ray photon flux for
standard protocols when very high volume coverage speed
is necessary, such as in acute care situations where the
scanner has to be operated with fast gantry rotation (0.33 s)
and at high pitch (p=1.5).

Additionally, both X-ray tubes can be operated at
different kV settings and/or different prefiltrations, in this
way allowing dual-energy acquisitions. With DSCT sys-
tems, dual-energy data can be acquired in subsecond scan
times. Potential applications of dual-energy CT include
tissue characterization (e.g., for the potential characteriza-

tion of tumors in the liver) and Ca quantification (e.g., to
characterize lung lesions, renal stones, or calcified plaques
in vessels). Quantification of the local blood volume in
contrast-enhanced scans (e.g., in the management of stroke
patients) as well as quantification of heavy elements in
organs, such as iron in the liver, may be possible. An in-
teresting application of dual-energy CT demonstrated in
this paper is the separation of bones and iodine-filled
vessels in CT angiographic examinations. Clinical research
will be needed to evaluate the potential of dual-energy
CT with DSCT systems and to develop relevant clinical
applications.
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