Preprint version of the IEEE NSS/MIC 2015 conference paper
Copyright by IEEE
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Abstract—Dual-energy CT techniques have demonstrated
tremendous clinical value due to their ability to distinguish
materials based on atomic number. C-arm CT is currently used
to guide interventional procedures, but there are no commercially
available systems that employ dual-energy material decomposition. This paper explores the feasibility of implementing a fast
kV-switching technique to perform dual-energy C-arm CT on
a clinical angiography system. As an initial proof of concept,
a fast kV-switching scan with energies of 90 kV and 125 kV
was compared to respective constant kV scans. During rapid
kV-switching acquisitions, the energy produced by the tube at
each pulse is up to 5% lower than the energy produced during
kV-constant acquisitions. The small instability in the produced
kV, measured as the standard deviation of the kV produced in
each pulse, is up to 4 times higher for kV-switching acquisitions.
These minor deficits resulted in a small reduction in contrast
resolution of the fast kV-switching 3D reconstructions.

I. I NTRODUCTION
A. Purpose of this Work
C-arm angiography systems provide the primary imaging
modality used during interventional procedures. These systems
are capable of guiding the physician with fluoroscopic 2D Xrays at frame rates up to 30 f/s as well as rotational scans
in which X-rays are rapidly acquired through a range of
projection angles. Using a cone-beam reconstruction (FDK)
algorithm [1], a 3D reconstruction of the field of view can be
created from a rotational acquisition. The 3D reconstructions
are clinically used for numerous applications, including to
identify feeding vessels of a liver tumor in interventional
oncology [2] or to assess cerebral aneurysms in neuroradiology
[3]. In the last decade, dual-energy imaging in conventional
CT has grown in clinical use. This technique allows the
differentiation of materials and tissue based on differential
absorption of varying X-ray photon energies [4]. For example,
the attenuation of iodine, which is used as the intravascular
contrast agent for most interventions, decreases more than
the attenuation of soft tissue with increasing photon energy.
Acquiring X-ray projection images at different photon energies requires a photon-counting energy-discriminating detector
(photon counting technique), two simultaneous working X-ray
tubes (dual source technique), or one X-ray tube with rapid
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modulation of the tube voltage (fast-switching technique) [5],
[6]. In this paper, we test the hypothesis that fast-switching
dual-energy imaging is possible with an interventional C-arm
system using only one sweep of the C-arm. The system is
equipped with one X-ray tube and one flat-panel detector and
can be used to generate images at different energy levels by
switching the X-ray tube potential from pulse to pulse. First,
kV measurements were performed to prove the concept of kVswitching with the C-arm system as well as to measure any
instability resulting from rapidly switching the tube voltage.
B. State of the Art
To date, there is no clinical C-arm system available allowing
dual-energy imaging with a single rotational sweep. However,
dual-energy conventional CT has grown in popularity due
to several important capabilities. By differentiating between
materials such as iodine, soft tissue, and calcium, dual energy
acquisitions can produce volumetric images in which voxels
containing those materials are suppressed or enhanced [7].
These calculated images include (a) virtual non-enhanced, with
iodine suppressed [8], (b) bone removal [9], with calcium
suppressed [10], and (c) virtual subtracted, with only iodine
shown [4]. Similarly, modeling the attenuation of each voxel
at different energies enables calculation of simulated monoenergetic images which can increase contrast or reduce some
types of artifacts.
II. C- ARM CT: KV-S WITCHING S ETUP AND E XPERIMENTS
In general, automatic exposure control (AEC) software is
integrated in C-arm systems in order to maintain the same detector entrance dose throughout the scan while rotating around
the patient, similar to tube current modulation in conventional
CT [11], [12]. The software adapts the current (mA), pulse
width (ms), and sometimes energy (kV) in order to maintain a
constant detector entrance dose, meaning the exposure varies
dynamically based on the projection angle and attenuation of
the object in the field of view. This AEC correction algorithm
must be disabled in order to manually control the image acquisition parameters. A prototype software application enables
manual control of the tube output on an Artis zeego C-arm
angiography system (Siemens Healthcare GmbH, Forchheim,
Germany). The prototype uses a modifiable configuration
file that allows acquisition of projection images with predefined acquisition parameters. Each acquisition resulted in
248 projections over an angular range of 200 degrees with an
angular increment of 0.8 °/f. Thus, for the kV-switching scan,
there were 124 projections acquired at approximately 90 kV
interleaved with 124 projections acquired at approximately 125
kV; these sets of projections were separated and reconstructed
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Figure 1: Correlation of kV estimations with the kV meter and
the reported kV in the DICOM header for 3D acquisitions with
the AEC turned on.

with a filtered-backprojection algorithm at a single energy. To
facilitate a head-to-head comparison, constant kV acquisitions
were undersampled by removing alternating projections before
reconstruction; thus, the number of projections used in each
reconstruction remained fixed at 124. The 2D X-ray projection
images have a dimension of 1024 × 960 pixel with an isotropic
resolution of 0.3mm. All 2D projection images were preprocessed according to the actual acquisition parameters used.
Then, the cone-beam reconstruction was performed offline
using a freely-available software framework CONRAD [13].
The image reconstruction was performed on an image volume
of (25.6cm)3 , distributed on a 2563 voxel grid.

Table II: Current generated during kV-constant and
kV-switching scans.
Scans
Constant
Switching

Requested Current (216 mA)
90 kV
125 kV
211.78 ± 0.91 mA
200.54 ± 1.93 mA
211.10 ± 1.64 mA
209.01 ± 0.85 mA

Table III: Pulse width generated during kV-constant and
kV-switching scans.
Scans
Constant
Switching

Requested Pulse width (ms)
90 kV (12.5 ms)
125 kV (3.2 ms)
12.51 ± 0.03 ms
3.21 ± 0.01 ms
12.50 ± 0.06 ms
3.21 ± 0.00 ms

Based on the datasheet of the installed X-ray generator, a
variance of ±5% in the generated kV is expected [14]. In order
to test the feasibility of the C-arm system reliably delivering
the desired kV when rapidly alternating between adjacent
frames, the kV was first estimated during normal acquisitions
with the AEC switched on. The peak kV was estimated
within the beam path using a non-invasive kV meter from
Radcal Corporation (Model 4081 with the 40X5-W Diagnostic
sensor). The output of the kV meter was recorded using an
oscilloscope. Using the kV values listed by the system in the
DICOM header as reference, the estimated kV from the meter
was compared to the known kV output of the system. The
correlation between estimated and DICOM reported kV results
are shown in Figure 1. Overall, the kV meter underestimates
the kV by approximately 11% over the full range of clinically
relevant energies.

First, a constant 90 kV (216 mA, 12.5 ms) scan and a
constant 125 kV (216 mA, 3.2 ms) scan were acquired. The
resulting measurements were compared to a kV-switching
scan in which the parameters were alternated frame-to-frame
between 90 kV (216 mA, 12.5 ms) and 125 kV (216 mA,
3.2 ms). The results for the kV measurements are shown in
Table I. The kV-constant scans have an offset of approx. 8-9%
between the requested and estimated kV, which falls within the
deviation expected based on Experiment II-A. The difference
between the kV-constant and kV-switching scans is less than
1 kV for a 90 kV target and less than 6 kV for a 125 kV
target. The standard deviation of the estimated kV, reflecting
the instability of the kV from pulse to pulse, was 2-4 times
higher for the kV-switching scans than for the kV-constant
scans. Table II shows that the deviation in tube current between
the constant and kV-switching scans was 0.68 mA (< 1%) for
the 90 kV and 8.47 mA (approx. 4%) for the 125 kV. Table
III shows the requested and deployed pulse width (ms). The
deviation between the constant and kV-switching scans was
0.01 ms (<0.1%) for the 90 kV and not measurable for the
125 kV scan.

B. Experiment II

C. Experiment III

In the next experiment, the tube output was compared during
fast-switching and constant-kV modes using the same setup
as in Experiment II-A. The applied mA and ms during the
scan can be obtained from the system itself while the kV was
estimated with the kV meter. The system hardware limits the
rate at which the tube current can change, so the pulse width

A 50 ml syringe was filled with 10 mg/ml iodinated contrast
(500 mg I) and inserted in the inner disk of the electron density
phantom from CIRS, with the syringe wrapped in modeling
clay to hold it in place. The same three scans as described in
Experiment II-B were performed. All four 3D reconstructions
were first filtered with a Gaussian filter (radius of 0.5mm) to

A. Experiment I

Table IV: Contrast-to-noise-ratio in kV-constant and kVswitching scans.
Scans
Constant
Switching

Requested Peak Voltage (kV)
90 kV
125 kV
2.33 a.u.
1.81 a.u.
2.20 a.u.
1.61 a.u.

eliminate dominant artifacts from the angular undersampling.
Alternatively, a guided noise reduction technique [15] or fewview iterative reconstruction techniques could be applied [16].
In order to measure the contrast-to-noise ratio (CNR), two
ROIs in each reconstruction were measured inside the iodinefilled syringe and in the inner disk of the phantom which is
equivalent to water (Fig. 2 and Fig. 3). Inside the ROI of the
iodine-filled syringe, the mean intensity I iod and the standard
deviation σiod were measured. Within the ROI of the waterequivalent material I wat and σwat were measured, respectively.
The CNR value results in
I iod − I wat
.
CNR = p 2
2
σiod + σwat

(1)

Table IV shows the results for the individual scans. The
CNR values of the 90 kV scans are slightly higher than the
125 kV scans, which is to be expected due to the k-edge of
iodine at low energy. The kV-switching scans result in slightly
lower CNR values than the constant-kV scans. Because the
90 kV scans did not use the same dose as the 125 kV scans,
however, it is more important to note the differences in CNR
at single energies, which show that there is a small contrast
penalty resulting from the additional kV instability caused
by using the fast-switching technique. The difference images
of both reconstructions (Fig. 2c and Fig. 3c) show minimal
visible differences between the constant and the kV-switching
scans. Future testing will allow for better dose allocation and
kV selection in order to optimize the material decomposition
capabilities of this technique.
III. C ONCLUSION
In this paper we proved the hypothesis that an angiographic
C-arm system is capable of dual-energy acquisitions using
the fast kV-switching technique. The major benefit would
be to exploit different tissue characterizations by using data
collected using only a single C-arm sweep. Future testing will
investigate the stability of kV-switching over the full voltage
range available on the system and assess the ability of these
scans to perform clinically relevant material decomposition.
Disclaimer: The concepts and information presented in
this paper are based on research and are not commercially
available.
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Figure 2: 3D axial slices of 3D reconstruction of (a) kV-switching scan of 90 kV (b) constant scan of 90 kV (c) difference
image (a)-(b). The syringe filled with iodine is measured with ROI1 and the water-based background with ROI2. (a) and (b)
HU (C 280 HU, W 1550 HU), (c) window (C 0 HU, W 800 HU).
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Figure 3: 3D axial slices of 3D reconstruction of (a) kV-switching scan of 125 kV (b) constant scan of 125 kV (c) difference
image (a)-(b). The syringe filled with iodine is measured with ROI1 and the water-based background with ROI2. (a) and (b)
HU (C 280 HU, W 1550 HU), (c) window (C 0 HU, W 800 HU).

