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Abstract
Objectives To assess the influence of tube potential on radia-
tion dose and image quality of third-generation dual-source
coronary CT angiography (CTA) in a phantom simulating an
obese patient.
Methods A thoracic phantom was equipped with tubular in-
serts containing iodine solution and water. A soft-tissue-
equivalent ring around the phantom simulated an obese pa-
tient. Images were acquired at tube potentials of 80, 100, 120
and 140 kV with second-generation dual-source CT (DSCT)
and 70–150 kV (in 10-kV increments) with third-generation
DSCT. Contrast-to-noise ratio (CNR) was calculated and CT
dose index was recorded.
Results With second-generation DSCT, CNR was highest for
120 kV (19.0) and decreased with lower tube potential (12.0 at

80 kV) owing to disproportionately increased image noise.
With third-generation DSCT, 70- and 80-kV acquisitions
showed a smaller increase in noise. CNRs for third-
generation DSCT were highest for 70 and 80 kV (21.1 and
21.2, respectively). Compared to 120 kV, radiation dose was
68 % and 49 % lower at 70 kVand 80 kV, respectively.
Conclusion Third-generation DSCT enables one to perform
coronary CTA at 70–80 kV in obese patients without
compromising CNR and thus reduces radiation dose by 49–
68 %.
Key points
• Low tube potential CTangiography is currently not suitable
for obese patients.

• Third-generation DSCT offers substantially increased tube
power at low tube potential.

• This enables one to perform coronary CT angiography at
70–80 kV in obese patients.

• Signal-to-noise ratio is maintained owing to increased tube
current.

• This approach can be expected to reduce radiation dose by
49–68 %.
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Introduction

Decreasing the tube potential is a powerful strategy to reduce
the radiation dose of CT angiography (CTA) [1]. The higher
attenuation of iodine at low photon energies increases intra-
vascular contrast. This increased contrast allows for higher
image noise at lower tube potential thus reducing radiation
dose while maintaining diagnostic image quality.

F. G. Meinel :U. J. Schoepf (*) :B. S. Harris : C. N. De Cecco
Department of Radiology and Radiological Science, Medical
University of South Carolina, Ashley River Tower, 25 Courtenay
Drive, Charleston, SC 29425-2260, USA
e-mail: schoepf@musc.edu

F. G. Meinel
Institute for Clinical Radiology, Ludwig-Maximilians-University
Hospital, Munich, Germany

C. Canstein
Siemens Medical Solutions USA, Malvern, PA, USA

U. J. Schoepf
Department ofMedicine, Division of Cardiology,Medical University
of South Carolina, Charleston, SC, USA

M. Sedlmaier : B. Schmidt : T. G. Flohr
Siemens Healthcare, Computed Tomography Division, Forchheim,
Germany

C. N. De Cecco
Department of Radiological Sciences, Oncology and Pathology,
University of Rome “Sapienza”, Polo Pontino, Latina, Italy

Eur Radiol (2014) 24:1643–1650
DOI 10.1007/s00330-014-3194-x



The eligibility of patients for low tube potential CTA,
however, is predicated upon their body habitus and the tech-
nological performance of current CT systems. Current X-ray
tubes are limited by the maximum tube current they can
generate, particularly at low tube potentials. Typically, at
80 kV tube potential, not more than 600–800 mA is available
in state-of-the-art CT systems. In obese patients, this maxi-
mum tube current is regularly insufficient to provide adequate
photon flux at low tube potential, and excessive image noise
results. The increased iodine contrast is insufficient to com-
pensate for excessive image noise in these patients. Therefore,
low tube potential CTA techniques are currently not suitable
for obese patients.

Recently, a third-generation dual-source CT (DSCT) sys-
tem was developed [2]. As one of the key features, this system
has two X-ray tubes with substantially increased power
(120 kW each) [2], enabling tube currents up to 1,300 mA
each at 70 kV and 80 kV, respectively. Performing CTA
examinations with low tube potential at substantially higher
tube currents has thus become feasible. We hypothesized that
this ability would extend the scope of low tube potential CTA
to obese patients and reduce radiation dose in this setting.
Therefore, the aim of this study was to evaluate the influence
of tube potential on radiation dose and image quality of third-
generation dual-source coronary CTA in a phantom model
simulating an obese patient.

Materials and methods

Phantom setup

An anthropomorphic thoracic phantom (Cardio CT Phantom,
QRM, Forchheim, Germany) was used in this study. This
phantom resembles a human chest, with artificial lungs (resin
with a CT density of approximately −800 HU at 120 kV) and a
spine insert surrounded by soft-tissue-equivalent material and
a chamber in the position of the heart. The phantom has a
diameter of 30 cm in the lateral axis and 20 cm in the
anteroposterior axis and was additionally fitted with an exter-
nal soft-tissue-equivalent ring (5 cm thickness) to simulate an
obese patient. A 50-mL syringe was filled with an iodine
solution prepared by diluting iodine contrast medium
(Omnipaque 350, GE Healthcare, Princeton, NJ) with water
to a predetermined concentration of 15 mg iodine per
millilitre. This concentration was chosen to match a typical
intravascular concentration of iodine in CTA studies with an
attenuation of approximately 350 HU at a tube potential of
120 kV. A second syringe was filled with water. The syringes
were positioned in the central cardiac chamber and held in

place by a foam insert. The phantom is depicted in Fig. 1a;
Figs. 1b and c show the resulting transverse CT images.

CT acquisition parameters

Experiments were carried out using second- and third-
generation DSCT systems (SOMATOM Definition Flash
and Force, Siemens Healthcare, Forchheim, Germany).
Images were acquired in prospectively electrocardiogram
(ECG)-triggered sequential acquisition mode using a sim-
ulated ECG with a heart rate of 60 beats per minute and
sinus rhythm. All DSCT acquisitions were obtained with
0.28-s gantry rotation time. The third-generation system
also offers a shorter gantry rotation time (0.25 s) but we
chose to use 0.28 s for both systems to enhance compa-
rability. Detector collimation was 2×60×0.6 mm for the
second-generation DSCT system and 2×48×0.6 mm
(adaptive sequence collimation) for the third-generation
DSCT system. All available options for tube potential
settings (kilovoltage, kV) were used. Thus, images were
acquired at 80, 100, 120 and 140 kV on the second-
generation DSCT system and at 70–150 kV (in 10-kV
increments) on the third-generation DSCT system. On
both CT systems, automated tube current modulation
(CAREDose 4D, Siemens) was enabled. Automated tube
potential selection (CAREkV, Siemens) was set in
“Semi” mode in the “CT angiography” setting. In this
setting, tube potential is selected by the operator,
yet allowing the system to adjust the tube current as far
as technically possible at the corresponding tube poten-
tial to maintain constant iodine contrast-to-noise ratio
(CNR) [3]. In practice, CNR may decrease at lower tube
potential in the “Semi” mode, because the appropriate
tube current may not be available, resulting in insuffi-
cient radiation dose and disproportionally increased im-
age noise. Target image quality was defined by choosing
settings of 120 kV for quality reference tube potential
and 300 mAs for quality reference tube current–time
product.

Image reconstruction and analysis

All image data sets were reconstructed with 0.75-mm sec-
tion thickness and 0.5-mm increment, using the iterative
reconstruction algorithm of each CT system: sinogram af-
firmed iterative reconstruction (SAFIRE) strength 3 for the
second-generation DSCT system and advanced modelled
iterative reconstruction (ADMIRE) strength 3 for the third-
generation DSCT system. A smooth vascular reconstruc-
tion kernel as commonly used in cardiac CT was chosen
(I26f or Bv36, respectively). The reconstructed image data
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sets were evaluated on a dedicated analysis platform
(syngo.via, Siemens). Data sets were presented in random
order to an observer blinded to the acquisition parameters.
Circular regions of interest (ROI) with a standardized size
of 200 mm2 were placed centrally in each of the two
phantom inserts to measure CT attenuation of iodine

solution and water (Fig. 1d). The standard deviation of the
CTattenuation in the iodine solution was used as a metric of
image noise. A single acquisition was performed for each
kV setting, but all measurements of CT attenuation and
image noise were performed on three different sections
and the results were averaged. CNR was calculated as

CNR ¼ CT attenuation of iodine solution� CT attenuation of waterð Þ=image noise standard deviation of CT attenuation in iodine solutionð Þ

The same observer was subsequently unblinded to the
image acquisition parameters and evaluated the visual image
impression (noise, iodine attenuation and image quality) at the
various tube potential settings in a descriptive manner.

Statistical analysis

For numerical values derived from multiple measurements,
mean values and standard deviations were calculated. Objec-
tive image quality parameters and volume CT dose index were
plotted against the tube potential. The potential for dose
reduction for low tube potential acquisitions in third-

generation DSCTwas calculated using the 120-kVacquisition
on the same CT system as the reference standard.

Results

Visual image impression

Representative sections for each CT acquisition are shown
in Fig. 2 at standardized window settings (centre 300 HU,
width 1,000 HU). A marked increase in iodine contrast at
low tube potential is noted with both CT systems. The

Fig. 1 Phantom setup and image
analysis. a The anthropomorphic
thoracic phantom with an external
soft-tissue ring mimicking an
obese body habitus is shown. Two
syringes containing an iodine
solution and water, respectively,
are placed in the central chamber.
Transverse CT images in full (b)
and limited (c) field of view
reconstructions are shown. The
image in d illustrates placement
of circular regions of interest in
the water (1) and iodine (2) filled
syringes
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image quality of the 80-kV image acquired with the
second-generation DSCT system is limited by excessive
image noise because of insufficient tube current; as a
result of the increased tube power this is not the case for
the low tube voltage images acquired with the third-
generation DSCT system.

Objective image quality

With second-generation DSCT, iodine attenuation decreased
from 667±4 HU at 80 kV to 315±3 HU at 140 kV (Fig. 3a)
and image noise decreased from 56±4 HU at 80 kV to 18±1
HU at 140 kV (Fig. 3b). CNR was highest (19.0) with 120 kV
and markedly decreased with low tube voltage acquisitions
with a CNR of 16.5 at 100 kV and 12.0 at 80 kV (Fig. 3c).
With third-generation DSCT, iodine attenuation decreased
from 782±9 HU at 70 kV to 309±4 HU at 150 kV (Fig. 3a)
and image noise decreased from 37±4 HU at 70 kV to 17±2
HU at 150 kV (Fig. 3b). CNR was highest with 80 kV (21.2)
followed by 70 kV (21.1) and remained within narrow limits
(18.3–21.2) across all tube potentials (Fig. 3c).

Radiation dose and potential for dose reduction

With second-generation DSCT, there was only a moderate
increase in tube current–time product with decreasing tube

potential from 280 mAs at 140 kV to 328 mAs at 80 kV
(Fig. 4a). With third-generation DSCT, tube current–time prod-
uct markedly increased from 334 mAs at 150 kV to 673mAs at
80 kV and 672 mAs at 70 kV. Radiation dose measured as
volume CT dose index (CTDIvol) increased from 3.8 mGy at
80 kV to 17.6 mGy at 140 kV with second-generation DSCT
(Fig. 4b). With third-generation DSCT, CTDIvol ranged from
3.9 mGy at 70 kV to 20.1 mGy at 150 kV. Owing to the higher
tube current–time product available with third-generation
DSCT at low tube potentials, CTDIvol at 80 kV was substan-
tially higher with the third-generation system compared to the
second-generation system (6.4 vs. 3.8 mGy); to a lesser extent
the same effect was observed at 100 kV (9.1 vs. 8.1 mGy).
Values for CTDIvol were similar between both CT systems at
120 kV (12.4 vs. 12.0 mGy) and at 140 kV (17.5 vs.
17.6 mGy). With the third-generation CT system, reducing
the tube potential to 70, 80, 90 or 100 kV reduced CTDIvol by
68, 49, 38 and 27 %, respectively, compared with the 120-kV
acquisition on the same CT system at maintained CNR (Fig. 5).

Discussion

Lowering the tube potential is a well-recognized strategy to
reduce the radiation dose of CTA. However, this approach has
thus far not been feasible in obese patients because of the

Fig. 2 Influence of tube potential on visual image impression. For both
scanner generations, images acquired with all possible tube potential
settings are shown. Images are displayed at standardized window settings
(centre 300 HU, width 1,000 HU) to demonstrate the increase in iodine

contrast at low tube potential. Excessive image noise is apparent in the 80-
kV image acquired with the second-generation DSCT system, but not in
the low tube voltage images acquired with third-generation DSCT
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excessive image noise at low tube potential due to insufficient
maximum tube current with existing CTsystems. The hypoth-
esis of this phantom study was that this limitation could be
overcome with third-generation DSCT, which is equipped
with two X-ray tubes with substantially increased tube power
at low tube potential and may thus prevent the excessive
increase in image noise by adequately increasing tube current
at low tube potential.

A previous study has suggested that 100-kV coronary CTA
may yield reasonable diagnostic accuracy in overweight pa-
tients [4]. However, in a less selected obese population, 100-
kV acquisitions are likely to result in a large number of non-
diagnostic examinations with standard equipment. Even at
120 kV, image quality of coronary CTA studies can still be
limited in patients with a large body habitus, which has
prompted some practitioners to increase tube potential to

Fig. 3 Influence of tube potential on objective image quality and radia-
tion dose. This figure illustrates the influence of tube potential on iodine
attenuation (a), image noise (b), contrast-to-noise-ratio (CNR, c). With

second-generation DSCT, CNR markedly decreases at low tube potential
(80–100 kV) because of excessive image noise; this effect is not seen with
third-generation DSCT
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140 kV for morbidly obese patients. However, a recent study
comparing coronary CTA at 140 kV compared to 120 kV for

overweight and obese individuals found similar image quality
but higher radiation dose at 140 kV [5]. Hence, 120 kV is
currently considered the standard tube potential for coronary
CTA in obese patients.

We therefore chose the 120-kVacquisition as the reference
to calculate the potential dose reduction that can be expected
by reducing tube potential in obese patients with third-
generation DSCT. We found a potential dose reduction of
68 % with 70 kV at maintained CNR. To date, no studies of
coronary CTA using 70 kV have been published and thus no
clinical experiences are available for comparison. Several
clinical studies on the effect of reduced tube potential (80–
100 kV) on the resulting radiation dose of coronary CTA in
normal-weight individuals have been published. The multi-
center PROTECTION I and II trials demonstrated a 31–53 %
dose reduction with 100 kV compared to 120 kV [1, 6]. A
subsequent multicentre trial conducted by LaBounty and col-
leagues demonstrated that a further radiation dose reduction of
47 % can be achieved by reducing the tube potential from 100
to 80 kV [7]. Similar results have been described in smaller,
single-centre studies [8–11].

Fig. 4 Influence of tube potential on objective image quality and radia-
tion dose. This figure illustrates the influence of tube potential on tube
current–time product (a) and volume CT dose index as a metric of the

applied radiation dose (b). With third-generation DSCT, tube current–
time product can be markedly increased to preserve image quality at low
tube potential

Fig. 5 Potential for dose reduction. For low tube potential acquisitions
(70–100 kV) with the third-generation DSCT system, the reductions of
the volume CT dose index (CTDIvol) are shown compared to the 120-kV
acquisition on the same CT system
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The dose reductions of 49 % at 80 kVand 27 % at 100 kV
(relative to 120 kV) in our study are thus comparable to,
although somewhat lower, than what has been observed in
clinical studies involving normal-weight patients. This differ-
ence can easily be explained by technical considerations: In
our study, preserved image quality at low tube potential despite
the large phantom size was possible only because the third-
generation DSCT system is able to substantially increase tube
current at low tube potential, as demonstrated in our study by
the stability of CNR across all tube potentials. In contrast, the
substantial drop in CNR at low tube potential observed in the
second-generation DSCT acquisitions reflects the inability of
hitherto existing systems to sufficiently increase the tube out-
put at lower kV in obese patients. With third-generation DSCT,
the increase in tube current at low tube potential is more
pronounced for the large body phantom than would be neces-
sary for normal-sized patients and thus explains why the po-
tential for dose reduction is slightly lower for obese patients
compared to normal-weight individuals. Nevertheless, the po-
tential for dose reduction identified in our study is substantial
with a predicted dose saving of 49–68 % by performing
coronary CTA in obese patients at 70 or 80 kV.

For this study, we assessed objective image quality on
image series reconstructed with iterative reconstruction. Iter-
ative reconstruction is well known to reduce image noise and
thus increase CNR [12–15]. The decision to use iterative
reconstruction in our study was driven by the consideration
that iterative reconstruction is widely replacing filtered back
projection in clinical practice and is increasingly regarded as
the standard of care [16–18]. Since we applied iterative recon-
struction to all images both for the second- and third-
generation DSCT data sets, the relative changes in noise and
CNR would likely be very similar if other reconstruction
techniques had been used.

In order to systematically assess the influence of tube
potential on radiation dose and image quality, we used the
“Semi” mode of the automated tube potential selection algo-
rithm for this study, such that the tube potential was selected
by the operator, yet allowing the system to adjust the tube
current to maintain constant CNR. In clinical routine, this
algorithm would likely be used in the automatic mode, in
which the system uses the attenuation profile of the topogram
images to automatically choose the most dose-efficient com-
bination of tube potential and tube current. Thus, low tube
potential CTA in obese patients could easily be implemented
in clinical routine without the operator having to make the
decision as to whether an individual obese patient is suitable
for a specific low tube potential.

The results of our study need to be seen in the context of the
study design and its limitations. The low tube voltage acqui-
sition in a large body size phantom is only feasible because of
the high tube power of the investigated third-generation
DSCT system. The results cannot be generalized to other CT

systems of the same or other manufacturers. We further used a
static phantom, which does not take into account the influence
of breathing and cardiac motion. However, changes in tube
potential are independent of acquisition speed and temporal
resolution; it is therefore unlikely that the effect of motion and
motion artefacts would have influenced our results. In addi-
tion, the experiments were performed in a single phantom size
mimicking a moderately obese patient. The image quality of
coronary CTA at low tube potential may not be sufficient for
extremely obese patients. More importantly, while image
noise and CNR are powerful metrics to objectively compare
image quality, other factors can influence the interpretability
of coronary CTA studies in the clinical setting. This can be
seen in patients with heavily calcified vessels or coronary
stents, where blooming and beam hardening artefacts are
much more pronounced at low tube voltages and can thus
limit the interpretability (and thus potentially the diagnostic
accuracy) of coronary CTA despite a nominally equal CNR. In
such patients, high tube potential acquisitions may still be
necessary to allow accurate assessment of the coronary arter-
ies. In light of these limitations, our findings should be
regarded as preliminary evidence derived from the controlled
setting of a phantom study, which needs confirmation in a
clinical environment.

In conclusion, our phantom experiments indicate that the
high tube power of third-generation DSCT can prevent the
disproportionate increase in image noise, which has so far
precluded the use of low tube potential CTA in obese patients.
Our phantom data suggests that third-generation DSCT will
also enable one to perform coronary CTA at 70–80 kV in
obese patients without compromising image quality. Com-
pared to 120 kV, which is currently the clinical standard in
obese patients, this approach can be expected to reduce radi-
ation dose by 49–68 % at maintained CNR.
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