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Three-dimensional (3D) C-arm computed tomography is a new and innovative imaging technique.
It uses two-dimensional (2D) X-ray projections
acquired with a flat-panel detector C-arm angiography system to generate CT-like images. To this
end, the C-arm system performs a sweep around
the patient, acquiring up to several hundred 2D
views. They serve as input for 3D cone-beam reconstruction. Resulting voxel data sets can be visualized either as cross-sectional images or as 3D
data sets using different volume rendering techniques. Initially targeted at 3D high-contrast neurovascular applications, 3D C-arm imaging has
been continuously improved over the years and is
now capable of providing CT-like soft-tissue image quality. In combination with 2D fluoroscopic
or radiographic imaging, information provided
by 3D C-arm imaging can be valuable for therapy
planning, guidance, and outcome assessment all in
the interventional suite.
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3.1
Introduction
Three-dimensional (3D) C-arm computed tomography is a new and innovative imaging technique. Also
referred to as C-arm CT, it uses two-dimensional (2D)
X-ray projection data acquired with flat-panel detector
C-arm angiography systems to generate CT-like images
(Saint-Felix et al. 1994; Koppe et al. 1995; Fahrig
et al. 1997; Bani-Hashemi et al. 1998; Jaffray and
Siewerdsen 2000; Groh et al. 2002; Zellerhoff et
al. 2005; Ritter et al. 2007; Kalender and Kyriaku
2007). To obtain 2D radiographic projection data, the
C-arm performs a sweep around the patient, e.g., over
200°. Up to several hundred images are acquired depending on the acquisition protocol selected. Reconstruction of three-dimensional voxel data sets from 2D
raw projection data is performed using a 3D cone-beam
reconstruction algorithm. Resulting voxel data sets can
be visualized either as cross-sectional images or as 3D
data sets using different volume rendering techniques.
Initially targeted at neuroendovascular imaging of
contrast-enhanced vascular structures, 3D C-arm imaging has been continuously improved over the years.
It is now capable of providing CT-like soft-tissue image
quality directly in the interventional radiology suite.
Beyond their use for trans-arterial catheter procedures,
these 3D data sets are also valuable for guidance and
optimization of percutaneous treatments such as liver
tumor ablations. In combination with 2D fluoroscopic
or radiographic imaging, information provided by 3D
C-arm imaging can be very valuable for therapy planning, guidance, and outcome assessment-in particular
for complicated interventions (Missler et al. 2000;
Anxionnat et al. 2001; Heran 2006; Meyer et al.
2007; Wallace et al. 2007).
C-arm CT requires state-of-the-art C-arm systems
equipped with flat-panel detector (FD) devices. It is
commercially available from various vendors, e.g., marketed as syngo DynaCT (Siemens AG, Healthcare Sector, Forchheim, Germany), XperCT (Philips Healthcare,
Andover, MA), or Innova CT (GE Healthcare, Chalfont
St. Giles, UK).
The goal of this book chapter is to provide an overview of how 3D C-arm imaging works and for what it
can be used. To this end, we focus on important C-arm
system components first. Then we explain how X-ray
input images are acquired and take a look at the resulting patient dose. In the next step, we cover threedimensional image reconstruction and the correction
methods needed to obtain low-contrast 3D results with
CT-like image quality. After we explained how C-arm

CT images are generated, we analyze them in terms
of spatial resolution and contrast resolution. In the
remainder of this chapter, we look at clinical imaging
results and C-arm CT applications including instrument guidance.

3.2
Technology of C-Arm CT Systems
3.2.1
C-Arm System Components
3.2.1.1
X-Ray Beam Generation and Exposure Control
The X-ray tube, X-ray generator, and X-ray control system are crucial components of any C-arm imaging system. They determine tube voltage, tube current, and irradiation time, respectively. These exposure parameters
are essential for X-ray imaging, since contrast-detail
perceptibility and dose depend on them.
Better contrast visibility, in particular of iodine, is
the main reason why angiographic C-arm systems usually operate at lower tube voltages than CT scanners.
Since decreasing tube voltage can lead to an increase in
image noise, the question arises if better low contrast
visibility at lower tube voltages can compensate for
higher noise or not. Recent studies not only support this
hypothesis, but they also indicate that there is great potential for dose reduction by scanning with lower tube
voltages (McCollough 2005; Nakayama et al. 2005).
The requirement to obtain high 2D image quality
for fluoroscopic and radiographic imaging led to Carm systems equipped with automatic exposure control
(AEC). The use of AEC turns out to be extremely beneficial for C-arm CT imaging as well. In fact, it is very
similar to attenuation-based tube current modulation
used in CT. Tube current modulation can either improve image quality through noise reduction at a given
dose, or it can reduce radiation exposure without impairing image quality (Gies et al. 1999; Kalender et
al. 1999).

3.2.1.2
Flat-Panel Detector Technology
Until the 1990s, C-arm systems for real-time angiographic imaging used to rely on X-ray image intensifiers (XRIIs). Although optimized over decades, this
technology has a number of inherent disadvantages that
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limit its utility for low-contrast C-arm CT imaging. For
example, the convex input screen of XRIIs results in a
non-homogeneous image quality across the output image. In addition, scatter processes of light and electrons
within the image intensifier limit the coarse contrast
resolution. This effect is also known as veiling glare
(Rowlands and Yorkston 2000). Yet another critical
point with large image intensifier formats is patient access as well as the flexibility during angulation due to
the large size of XRIIs.
Flat detectors, on the other hand, either avoid or at
least reduce some of the major disadvantages of image
intensifiers (Granfors et al. 2001; Bruijns et al. 2002;
Busse et al. 2002; Choquette et al. 2001; Colbeth et
al. 2001). The most important technical advantages of
flat detectors are:
• Homogeneous image quality across the entire image
area resulting in distortion-free images and position-independent spatial resolution.
• High ‘low-contrast resolution,’ i.e., good 2D softtissue imaging performance.
• High detective quantum efficiency (DQE) across all
dose levels, in particular for CsI/aSi-based flat detectors.
• High dynamic range at all dose levels from fluoroscopy to digital subtraction angiography (DSA) facilitated by A/D converters with 14 bits.
• Tightly enclosed square or rectangular active imaging areas offering improved patient access.
The most widely used flat detector (FD) design is based
on a two-level, indirect conversion process of X-rays
to light (Granfors et al. 2001; Antonuk et al. 1997;
Spahn et al. 2000; Yamazaki et al. 2004; Ducourant
et al. 2003). In the first step, the X-ray quantum is absorbed by a fluorescence scintillator screen, e.g., a cesium iodide (CsI) substrate, converting it into visible
light. In the second step, this light is received by a photodiode array, e.g., based on amorphous silicon (a-Si),
and converted into electrical charge.
Besides good intrinsic X-ray absorption properties
of the material itself, scintillator thickness is an important design parameter for X-ray detectors. A larger
scintillator thickness improves the energy absorption
efficiency and therefore the X-ray sensitivity of the detector. Unfortunately, it also reduces the spatial resolution due to optical diffusion blur. Thus, an optimum has
to be found between X-ray sensitivity and spatial resolution. This is where CsI’s columnar, needle-like microscopic crystalline structure provides a particular advantage. By limiting lateral optical light spread, CsI enables
high spatial resolution at a larger phosphor thickness
and, hence, increased X-ray sensitivity. As a result, CsI

is the scintillator material of choice for high-resolution
X-ray applications at low dose levels. A typical value of
the effective CsI scintillator thickness for FDs used in
today’s C-arm systems is around 500 µm.
A schematic view of an indirect converting flat detector based on CsI is presented in Fig. 3.1. An individual pixel is shown in detail, comprising a large photodiode and a small thin-film transistor (TFT). Pixel
readout is initiated when the TFT is switched on. This
causes the charge to flow to dedicated low-noise readout electronics, where it is amplified and subsequently
converted into a digital signal.
Flat detector technology is subject to further development and continuous improvement. Miniaturized electronics will allow for even thinner and lighter
detectors required for mobile or portable applications.
Higher bit depths of 16 bits or even 18 bits will improve
C-arm CT image quality, allowing it to further approach
the low-contrast resolution of multi-slice computed tomography (MSCT).

3.2.1.3
C-Arm Gantries
An angiography device for 3D C-arm imaging comprises a stand and a C-arm to which the detector, X-ray
tube, and collimator are attached. The C-arm keeps the
X-ray tube, collimator, and flat-panel detector exactly
aligned under varying view angles. Thanks to an open
design maximizing the number of degrees of freedom

Fig. 3.1. Schematic view of an indirect converting flat detector
based on CsI and an amorphous silicon active readout matrix,
including driver and readout electronics. An individual pixel
is shown in detail. It comprises a large photodiode and a small
thin-film transistor (TFT)
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for movements while minimizing the required space for
the gantry itself, C-arm systems achieve high positioning flexibility and provide excellent patient access. As a
result, C-arm systems are in use for interventional radiology, neuroradiology, cardiology, as well as for surgical
applications.
In some cases, such as ceiling-mounted C-arm systems, the whole gantry can be rotated and translated
to increase patient coverage and access. This traditional
gantry design, shown in Fig. 3.2a, involves a mechanically fixed center of rotation commonly referred to as
the isocenter. To further increase positioning flexibility,
a new type of multi-axis C-arm system has recently been
introduced (Artis zeego, Siemens AG, Healthcare Sector, Forchheim, Germany). Illustrated in Fig. 3.2b, this
system involves a robotic stand moving a light-weight
C-arm. Since the multi-axis stand facilitates greater
flexibility, more accurate, faster movements, and better
patient coverage, such systems are especially well suited
for minimally invasive procedures and surgery.

3.2.2
C-Arm CT Image Acquisition and Dose
Although C-arm CT data acquisition is increasingly automated for ease of use, the following steps are usually
involved. First, the patient needs to be optimally positioned such that the region of interest is visible in all

X-ray views acquired during a spin around the patient.
With the patient properly placed, the C-arm is initially
driven into a position, which will be the scan end position. Then a safety run is performed during which the
C-arm is slowly moved into the actual C-arm CT start
position. This safety run is required to rule out collision
during the actual scan. After the C-arm has reached its
start position, a short fluoroscopic X-ray pulse is applied to initialize the automatic exposure control. At
this point, the system is ready to begin a 3D run during
which the C-arm rotates from the start position into its
end position. Raw data acquisition is performed by activating a dead-man switch. The rotational scan is stopped
at once if the switch is released to prevent accidental Xray exposure. On state-of-the-art C-arm CT systems,
such as the Artis zee family (Siemens AG, Healthcare
Sector, Forchheim, Germany), raw data acquisition and
3D reconstruction can be faster than 1 min depending
on the scan protocol chosen.
Since C-arm CT is usually performed in an interventional setting, intra-arterial access is typically available. As a consequence, selective intra-arterial contrast
injections can be used to enhance vessels as well as corresponding tissue regions during C-arm CT data acquisition.
X-ray input projections for C-arm CT can either be
taken subtracted or native. Subtracted data acquisition
involves a mask run without and a fill run after injection
of contrast agent. Native data acquisition, on the other

a

b
Fig. 3.2a,b. C-arm gantries: An Artis zee ceiling-mounted
C-arm (a) is shown on the left, while the Artis zeego (b) is
depicted on the right (both Siemens AG, Healthcare Sector,
Forchheim, Germany). The C-arm keeps the detector (posi-

tioned on top) exactly aligned with collimator and X-ray source
(bottom-mounted). Detector and collimator rotate in synchronization as shown in (b). The X-ray source is built into the
C-arm below the collimator
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hand, involves only one set of input projections-often
taken without (but conceivably also with) contrast.
C-arm CT systems with automatic exposure control
(AEC) adjust X-ray exposure parameters such that the
detector entrance dose remains constant. Detector entrance dose is the X-ray dose measured behind the antiscatter grid. System dose is the detector entrance dose
evaluated at a reference detector zoom format. System
dose is an important set-up parameter for C-arm CT
imaging protocols on Artis zee systems (Siemens AG,
Healthcare Sector, Forchheim, Germany). Due to internal adjustments, the detector entrance dose for C-arm
CT is about half the system dose.
One way to monitor and report dose is to rely on
an index such as the CT dose index (CTDI). A recent
study investigating weighted CTDI (CTDIw) and image
quality for C-arm CT of the head demonstrated that
the weighted CT dose index was within accepted limits
(Fahrig et al. 2006). Besides CTDI, the dose to the patient may also be quantified in terms of effective dose.
For this purpose, anthropomorphic phantoms with embedded thermoluminescence detectors (TLDs) are used
(Balter et al. 2005). These phantoms have realistic
body sizes and absorption values. Once the TLDs have
been placed at selected positions inside a phantom, e.g.,
an Alderson phantom (Alderson Research Laboratories
Inc., Long Island City, NY), it can be scanned using a
particular C-arm CT examination protocol. The dose
applied to single organs is derived by weighted summation of the individual TLD dose recordings. Effective
dose is quantified in mSv instead of mGy. The worldwide average background dose for a human being is
about 2.4 mSv per year (UNSCEAR 2000).
Although technical constraints and clinical requirements make it a non-trivial task to establish a practical
set of clinical C-arm CT scan protocols, applicationspecific techniques can be established. This requires a
careful choice of imaging parameters such as system
dose, scan time, and pixel binning at the detector. Pixel
binning means that the outputs of neighboring detector pixels are combined into one reading. For example,
2 × 2 binning implies that a total of four neighboring
detector pixels that are adjacent in the horizontal and
vertical direction, respectively, are taken together. Pixel
binning determines spatial resolution, because it controls effective pixel size. The detector frame rate depends on pixel binning as well, because the amount of
data is proportional to the number of pixels.
For C-arm CT data acquisition using an Artis zee
system (Siemens AG, Healthcare Sector, Forchheim,
Germany), the FD is mostly operated either in a 2 × 2
binning mode or in a 4 × 4 binning mode. For 2 × 2 binning, usually used for 3D C-arm imaging in the head,

we get a detector frame rate of 30 frames per second
(fs–1). In case of 4 × 4 binning, the frame rate increases
to 60 fs–1. The 4 × 4 binning mode is a clinically accepted
setting for soft-tissue imaging in the abdomen, because
it facilitates acquisition of a higher number of X-ray
views in a shorter scan time.
Two sets of C-arm CT scan parameters and effective
dose are presented below for Artis zee systems (Siemens AG, Healthcare Sector, Forchheim, Germany).
They include mean effective dose values for the head
and liver regions determined using a normal-size, male
Alderson phantom with embedded TLDs. Since effective dose depends on phantom positioning and size,
however, measurement outcomes may vary. This is why
great care was taken to position the phantom identically for all experiments to obtain comparable results.
In Table 3.1, we summarize common high-contrast
C-arm CT scan protocols and the resulting effective
doses. These scan protocols are often used for subtracted runs involving injection of contrast agent to
image vascular malformations such as aneurysms, arteriovenous malformations (AVMs), and stenoses. Tumor
feeders can be visualized this way as well. Subtracted
data acquisition is indicated in Table 3.1 by using a plus
sign for the number of frames acquired. For 3D C-arm
imaging where motion can be an issue, e.g., in the body,
non-subtracted runs are usually the method of choice.
Interventional imaging applications in the body that can
benefit from C-arm CT include abdominal aortic aneurysms (AAAs), transjugular intrahepatic portosystemic
shunts (TIPSs), non-vascular therapies, e.g., biliary duct
treatments and tumors. The effective body dose stated
in Table 3.1 was determined inside the liver region of an
Alderson phantom using TLDs.
Table 3.2 lists two often-used scan parameter sets together with the resulting effective dose for low-contrast
C-arm CT imaging in the head (therapy control, complication management) and in the body, e.g., for liver
tumor treatment. Effective dose in the body was measured inside the liver region of an Alderson phantom
using TLDs. A comprehensive list of C-arm CT scan
protocols, including proper 3D reconstruction parameter settings for Artis zee systems (Siemens AG, Healthcare Sector, Forchheim, Germany), can be found in an
application protocol book for these systems (Moore
and Rohm 2006).
Various adult effective doses for CT scans have been
reported in the literature. For example, Becker et al.
(1998) obtained an effective dose of 6 mSv for a spiral scan of the abdomen. In a comprehensive review,
McCollough and Schueler (2000) provide an effective dose between 1.9 mSv and 2.6 mSv for a (male) CT
head scan and 7.3 mSv to 7.8 mSv for a (male) CT abdo-
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Table 3.1. Common high-contrast C-arm CT scan protocols for Artis zee C-arm systems (Siemens AG, Healthcare Sector,
Forchheim, Germany) and the resulting effective doses
Clinical application

System dose
(µGy/view)

Scan time
(s)

Binning

No. frames

C-arm CT dose
(mSv)

Head: vascular malformations, e.g.,
aneurysms, AVMs, stenoses, and tumor
feeders

0.36

5

2×2

133 + 133

0.3

Body: AAA,TIPS, non-vascular therapies
(e.g., biliary duct), and tumor feeders

0.36

5

2×2

133

1.5

Table 3.2. Common low-contrast C-arm CT scan protocols for Artis zee C-arm systems (Siemens AG, Healthcare Sector, Forchheim, Germany) and the resulting effective doses
Clinical application

System dose
(µGy/view)

Scan time (s) Binning

No. frames

C-arm CT dose
(mSv)

Head: therapy control, complication
management

1.20

20

2×2

496

2

Body: liver tumor treatment

0.36

8

4×4

397

5

men scan, respectively. Comparing these values to the
entries in Table 3.1 and Table 3.2, we see that high-contrast C-arm CT scan protocols result in a significantly
lower dose to a patient, while the effective dose for a
low-contrast C-arm CT examination appears similar to
what is applied in regular CT scans.

3.2.3
C-Arm CT and Image Quality
3.2.3.1
Cone-Beam
Reconstruction Algorithm
If C-arm systems can rotate around a patient along a
sufficiently large angular scan range, then it is possible
to use the acquired X-ray projections for tomographic
image reconstruction. Usually a minimum angular scan
range of 180° plus the so-called fan-angle is required
(Kak and Slaney 1999). For typical C-arm CT devices,
this results in an angular scan range requirement of at
least 200°.
In 1984, Feldkamp et al. (1984) suggested a 3D reconstruction algorithm that has become the de-facto
standard for 3D C-arm imaging. Originally designed

for a 360° scan along a perfectly circular trajectory,
some modifications are, however, required before it can
successfully process X-ray projections acquired along a
C-arm CT scan trajectory. For example, a data weighting scheme is needed to compensate for the fact that
during a partial circle scan some data are taken once,
while other measurements are observed twice (Parker
1982). In addition, a method may be needed with which
to account for a C-arm system’s irregular yet reproducible scan trajectory (Rougee et al. 1993; Navab et al.
1996; Navab et al. 1998; Wiesent et al. 2000).
Although predominately used for stationary objects,
C-arm CT can also be applied to quasi-stationary 3D
reconstruction problems, such as imaging the moving
heart. To this end, the C-arm system performs multiple runs around the patient while the ECG signal is
monitored. A continuous injection of contrast media is
necessary to enhance the heart throughout data acquisition. The raw data obtained over the multiple runs can
be resorted for a particular phase of the cardiac cycle
using retrospective ECG gating. Since resorting of the
acquired 2D X-ray views yields a valid input data set
associated with the heart ‘frozen’ at a selected cardiac
cycle, a standard C-arm CT reconstruction algorithm
can be applied (Lauritsch et al. 2006; Pruemmer et
al. 2007).
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Sophisticated correction techniques are needed to
obtain C-arm CT results with good low-contrast visibility. They are explained below. We start with overexposure correction, then turn to scatter correction, and
next look into beam-hardening correction. After that,
we briefly visit truncation correction and finish up with
ring correction.

3.2.3.2
Overexposure Correction
While the dynamic range provided by 14-bit A/D converters of state-of-the-art flat-panel detectors is usually sufficient for conventional 2D fluoroscopic or radiographic imaging, it may not be high enough to rule
out overexposure in all projections acquired during a
C-arm CT scan. In this case, an object is X-rayed from
many orientations. As a result, strong direct radiation
may hit certain detector regions in some views and
overexpose them.
Three-dimensional reconstruction from overexposed projections may result in incorrect density values and also produce a capping artifact. This means that
gray values of a homogeneous object get increasingly
smaller the further they are away from the object center.
Since a capping artifact can impair the display of lowcontrast objects, an overexposure correction is needed.
It is applied to saturated image areas only. By correcting for overexposure, one may be able to obtain results
without any apparent capping artifact.

3.2.3.3
Scatter Correction
Once overexposed image areas have been processed,
scatter correction can be performed. Scattered X-ray
quanta are photons that were deflected from their
straight (primary) direction. They are detected at positions away from where a straight primary ray would hit
the detector. As a result, the primary intensity distribution for tomographic reconstruction is impaired by a
secondary distribution due to scattered radiation.
With single-row detectors of third generation CT
scanners, scatter is almost negligible, because the irradiated patient volume is reduced to a small slice by
collimation near the X-ray source. However, when
working with flat-panel detectors, the collimator at
the X-ray source is usually opened much more widely,
and a considerable amount of scattered radiation may
be produced. It can reach a multiple of the primary intensity in case of abdominal X-ray projections and up

to the order of magnitude of the primary intensity in
head images (Aichinger et al. 2004; Siewerdsen and
Jaffray 2001).
The impact of scatter on image quality is determined
by the scatter-to-primary intensity ratio (SPR) at every
detector pixel. Effective SPR reduction of up to about
a factor of five can be obtained with anti-scatter grids
(Kyriakou and Kalender 2007). Unfortunately, even
with an anti-scatter grid, scatter can still degrade image
quality after tomographic reconstruction. Typical image
quality problems caused by scatter are:
• Smooth gray value deviations within homogenous
regions (cupping).
• Streaks, bars, or shadows in soft tissue regions, especially in the vicinity and between high contrast
objects such as bones.
• Reduction of contrast differences in soft tissue regions.
• Increase of noise.
The appearance of cupping and shadowing artifacts due
to scatter can be very similar to those created by beam
hardening (Ruehrnschopf and Kalender 1981).
Contrary to beam hardening, however, a decrease in
differential contrast and an increase in noise are typical
consequences of scatter.
Efficient scatter suppression and additional correction procedures are essential for C-arm CT to achieve
CT-like image quality. A variety of scatter correction
approaches exist. They comprise measurement techniques, software models, and hybrid approaches (Ning
et al. 2002; Siewerdsen et al. 2006; Zhu et al. 2008).
Since measurement techniques require additional hardware, software approaches are often preferable. Fast and
efficient algorithms are available that operate directly
on the projection images acquired (Zellerhoff et
al. 2005; Rinkel et al. 2007). Iterative approaches appear promising to obtain further improvements beyond
state-of-the art scatter correction methods (Kyriakou
et al. 2006).
The impact of scatter correction can be appreciated
by looking at Fig. 3.3. As part of an overview
illustrating the effect of C-arm CT correction methods
provided by syngo DynaCT (Siemens AG, Healthcare
Sector, Forchheim, Germany), we show an abdominal
cross-section reconstructed without applying scatter
correction in Fig. 3.3a. This data set suffers from
a considerable cupping artifact. A reference result
obtained after applying all correction steps is displayed
in Fig. 3.3d. A comparison between Fig. 3.3a and Fig.
3.3d demonstrates that the cupping artifact due to
scatter could be removed.
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a

b

c

d
Fig. 3.3a–d. C-arm CT data sets computed using syngo DynaCT based on 2D X-ray projections acquired on an AXIOM
Artis dTA system (both Siemens AG, Healthcare Sector, Forchheim, Germany) with correction techniques turned off/on. An
axial abdominal slice without scatter correction is shown in (a).
The same image reconstructed without truncation correction is

depicted in (b). Another result obtained without ring correction can be found in (c), and a reference section involving all
correction steps is demonstrated in (d) (images courtesy of Dr.
Loose and Dr. Adamus, Department of Radiology, Klinikum
Nuremberg Nord, Germany)

3.2.3.4
Beam Hardening Correction

the mean energy of an X-ray beam’s poly-energetic
spectrum gets increasingly higher (harder) the further
X-rays penetrate into an attenuating object. This physical effect is commonly referred to as beam hardening
(Barrett and Swindell 1981; Hsieh 2003).
Because of beam hardening, the linear relationship
between attenuation value and object thickness no longer applies. As a result, attenuation values towards the

After dealing with overexposure and scatter removal, 2D
projections can be corrected for beam hardening. X-ray
tubes emit photons with different energies. Low-energy
photons are absorbed and attenuated more strongly by
matter than higher energy photons. As a consequence,
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center of a large object may be underestimated, causing
a cupping artifact. This means that density values for a
homogeneous object get increasingly larger away from
the center. In case of inhomogeneous objects, composed
of tissue and bone, beam-hardening artifacts may also
show up as streak artifacts between highly attenuating
components, e.g., between bony structures surrounded
by soft tissue.
The reduction of the two types of beam hardening
artifacts requires two different correction approaches.
The cupping artifact can be compensated by restoring a linear relationship between attenuation value and
path length through an assumed water-equivalent object. This correction step, applied before carrying out
any 3D reconstruction, is usually called ‘water correction.’ On the other hand, to reduce streak artifacts, one
can make the assumption that the attenuating object
is composed of water-equivalent tissue and bones and
then design an algorithm to correct for beam hardening caused by the two different materials (Joseph and
Spital 1978).

3.2.3.6
Ring Artifact Correction

3.2.3.5
Truncation Correction

Thanks to a detector optimized for high-resolution 2D
fluoroscopic and radiographic imaging, the spatial resolution provided by C-arm CT can be very high. For
example, a common FD for large-plate C-arm systems,
such as the 30 cm × 40 cm Pixium 4700 flat-panel detector (Trixell, Moirans, France), offers a native pixel
pitch of 154 µm in a 1,920 × 2,480 matrix. Although
this leads to an excellent spatial resolution, taking full
advantage of it reduces the FD frame rate in overview
mode to 7.5 fs-1. Such a low frame rate limits its clinical
use to certain high-contrast applications unless special
read-out techniques are applied. Higher frame rates are
possible by applying 2 × 2 binning or 4 × 4 binning of
detector pixels. Since pixel binning combines neighboring detector elements, the effective pixel width and
height increases to 308 µm (2 × 2 binning) or to 616 µm
(4 × 4 binning), respectively.
To arrive at a first estimate of how detector pixel
width is related to spatial resolution, let us start with
an example based on a detector pixel pitch of 308 µm.
This is the pixel width of the Pixium 4700 FD when
operated in 2 × 2 binning mode. Taking into account a
cone-beam magnification factor between isocenter and
detector of 1.5, we arrive at an effective pixel size at isocenter of 205 µm. This suggests that a spatial (in-plane)
resolution of up to 2.4 LP/mm should be achievable after tomographic reconstruction (1/0.410 mm), if imaging conditions were ideal. Unfortunately, additional factors such as finite focal spot size, gantry motion, and 3D
reconstruction kernel may lower spatial resolution. For

Unlike in MSCT systems, where detectors are usually
wide enough to always capture a patient’s full X-ray profile irrespective of view direction, FDs of today’s C-arm
systems may not be large enough to accomplish this in
any case. As a result, it is possible that X-ray projections are truncated in some or even all views. Truncated
projections can be problematic for tomographic reconstruction algorithms, because they may generate bright
circular artifacts and result in incorrectly reconstructed
density values as shown in Fig. 3.3b.
Truncation artifacts and density errors can be reduced by applying row-wise extrapolation techniques
(Ohnesorge et al. 2000; Starman et al. 2005; Sourbelle et al. 2005; Zellerhoff et al. 2005; Hsieh et
al. 2004). Since row-wise extrapolation only depends
on neighboring data in a horizontal direction, this approach is adaptive, and it can be very effective, as shown
in Fig. 3.3d.
New multi-axis C-arm gantry designs, such as the
Artis zeego (Siemens AG, Healthcare Sector, Forchheim, Germany) shown in Fig. 3.2b, can be operated in a
large-volume scan mode. This approach almost doubles
the object size that can be reconstructed without truncation artifacts, because two C-arm runs are performed
with the detector positioned such that it captures one
half of an X-ray projection in one run while recording
the remaining half in the other.

Ring artifacts are caused by detector gain inhomogeneities or defective detector pixels. Fortunately, elaborate
detector calibration and built-in FD defect correction
can usually correct detector pixel problems to a large
extent, thus preventing most serious ring artifacts right
at the detector.
Nevertheless, with the steadily improving image
quality of C-arm CT, even the slightest 3D image imperfections start to show up. This is why a ring correction
algorithm is needed. Implemented as a post-processing
algorithm, it first generates a ring image using sophisticated image processing techniques. This ring image is
then subtracted from the initial reconstruction result to
obtain a cleaned-up image as depicted in Fig. 3.3c and
Fig. 3.3d (Flohr 2000; Zellerhoff et al. 2005).

3.2.3.7
Image Quality
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example, the spatial resolution after tomographic reconstruction for an Artis zee system using syngo DynaCT
(both Siemens AG, Healthcare Sector, Forchheim, Germany) is not 2.4 LP/mm as estimated above, but rather
2.0 LP/mm as depicted in Fig. 3.4. The smallest high
contrast object that can be resolved at 2.0 LP/mm has
a size of about 250 µm or 0.25 mm. At native detector
resolution (154 µm pixel pitch), the spatial resolution
encountered in phantom measurements reaches almost
4.0 LP/mm. This means that details may be resolved
that are as small as 0.13 mm. If 4 × 4 binning is applied,
then the spatial resolution seen in bar-pattern experiments is about 1.0 LP/mm, i.e., the system can be expected to resolve objects with a size of around 0.50 mm.
This value is only slightly less than results obtained with
current multi-slice CT devices. In fact, the 4 × 4 binning
mode is a clinically well accepted acquisition technique
for low-contrast C-arm CT imaging, e.g., in the abdomen, because the increased detector frame rate enables
the acquisition of a higher number of views in a shorter
time frame. The higher number of views results in improved low-contrast detectability, while the shorter scan

time reduces the chance of artifacts due to patient motion, breathing, or peristalsis.
Contrast resolution characterizes a C-arm CT system’s capacity to resolve soft tissue differences. For
good low-contrast imaging results, it is advantageous to
acquire a high number of views, because this reduces
streak artifacts. To further reduce noise in applications
such as head scans, an additional option may be to increase system dose.
With a properly selected image acquisition protocol, state-of-the-art C-arm CT systems such as syngo
DynaCT (Siemens AG, Healthcare Sector, Forchheim,
Germany) can at least resolve 5-mm (10-mm) diameter objects with a contrast difference of 10 HU (5 HU)
(Fahrig et al. 2006). Even better results are sometimes
possible as demonstrated in Fig. 3.5. From a clinical
point of view, the low-contrast imaging performance of
today’s C-arm systems not only can be expected to differentiate between fat and muscle tissue, but C-arm CT
can also resolve smaller contrast differences and possibly even visualize bleeds.

Fig. 3.4. Spatial resolution experiment involving an axial slice
through a spatial resolution phantom. The 3D spatial resolution
from 2D X-ray projections acquired with a Trixell Pixium 4700
detector is about 2.0 LP/mm, if 2 × 2-pixel binning is applied.
Projection data were acquired on an Artis zee C-arm system,
and reconstruction was performed with syngo DynaCT (both
Siemens AG, Healthcare Sector, Forchheim, Germany)

Fig. 3.5. C-arm CT reconstruction of the CTP515 CATPHAN
image quality segment (Phantom Laboratory, Salem, NY) using
syngo DynaCT (Siemens AG, Healthcare Sector, Forchheim,
Germany). A 10-mm-thick MPR slice is shown. It comprises
low-contrast-equivalent insets with a density difference of 10
HU (5 o’clock to 8 o’clock), 5 HU (1 o’clock to 4 o’clock), and
3 HU (9 o’clock to 12 o’clock). The diameters of the individual
insets are 15, 9, 8, 7, 6, 5, 4, 3, and 2 mm, respectively. The 3D
data set was reconstructed from 538 raw input projections acquired on an Artis zee system at 70 kV tube voltage (Siemens
AG, Healthcare Sector, Forchheim, Germany). The associated
weighted CT dose index (CTDIw) was 50 mGy
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3.3
Applications
3.3.1
Interventional Imaging Using C-Arm CT
3.3.1.1
Neurovascular Imaging
Two-dimensional digital subtraction angiography
(DSA) is still considered a gold-standard imaging technique for diagnostic and therapeutic imaging of intra
cranial vessels. One of DSA’s advantages is its superb
spatial resolution. Today, however, many clinicians often rely on 3D C-arm imaging as well-at least for complex cases. In fact, several studies comparing 2D DSA to
3D C-arm imaging concluded that 3D images can offer
more detailed anatomical information for the therapy of
intracranial aneurysms than 2D DSA (Hoff et al. 1994;
Tu et al. 1996; Missler et al. 2000; Sugahara et al. 2002;
Hochmuth et al. 2002). In addition to providing more
information about the aneurysm neck, the available 3D
geometry can also be used to find optimal C-arm working views (Anxionnat et al. 2001; Mitschke and Navab

2000). This is illustrated in Fig. 3.6 for a lobulated intracranial aneurysm. Once a proper view orientation
has been found by interactively inspecting a rendered
volume, the C-arm can be automatically positioned at
the selected view angle for 2D imaging. On syngo Xworkplace systems (Siemens AG, Healthcare Sector,
Forchheim, Germany), a little blue icon is used to denote C-arm positions that can be reached safely. A red
icon indicates that the C-arm cannot be aligned with a
certain volume-rendered view due to collision control
or mechanical constraints.
When using 3D C-arm imaging for the visualization of stents, physicians again found that access to
3D information during the intervention facilitated
better clinical outcomes (Van Den Berg et al. 2002;
Benndorf et al. 2005, 2006; Richter et al. 2007a).
Benndorf et al., for example, valued the clear visualization of both the stent struts and their adaptation to
arterial walls and aneurismal lumen.
Another important C-arm CT application in the
brain is tumor imaging. For example, intra-arterially
contrast-enhanced 3D C-arm imaging can reveal both
vascularity and blood supply of a meningioma of the
olfactory groove, as illustrated in Fig. 3.7a–c. An axial
slice is displayed in Fig. 3.7a, a sagittal cross-section is

a

b
Fig. 3.6a,b. View-aligned DSA and C-arm CT data sets. Carm systems can be brought into proper 2D working views by
rendering a 3D data set interactively under various orientations, choosing the most suitable view, and initiating an automatic C-arm move. This is displayed for a DSA sequence (a)
and a volume rerendered 3D vessel tree (b) depicting a lobulated intracranial aneurysm (red arrow). Images were acquired

on an AXIOM Artis dBA system and reconstructed on a syngo
X-workplace running syngo DynaCT (all Siemens AG, Healthcare Sector, Forchheim, Germany). DSA sequence and 3D
vessel tree are both seen under LAO/RAO = 45° and CRAN/
CAUD = 1° (images courtesy of Prof. Knauth, Department of
Neuroradiology, University Göttingen, Germany)
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shown in Fig. 3.7b, and a coronal cut through the lesion
can be found in Fig. 3.7c, respectively. A volume rendered display is presented in Fig. 3.7d. This information
can be useful to determine the best treatment option.
The C-arm CT images were obtained with syngo DynaCT running on a syngo X-workplace (both Siemens
AG, Healthcare Sector, Forchheim, Germany). X-ray
projections were acquired on an AXIOM Artis dBA
angiography system (Siemens AG, Healthcare Sector,
Forchheim, Germany).

3.3.1.2
Abdominal Imaging
Besides endovascular treatments in the brain, C-arm
CT is also well suited to support abdominal applications. In fact, C-arm CT has already received considerable attention for minimally invasive liver tumor
treatments. Innovative therapeutic approaches, such
as local chemotherapy, chemoembolization, or selective internal radiation therapy (SIRT), may all benefit,

b

a

b

c

d
Fig. 3.7a–d. C-arm CT images showing a meningioma of the
olfactory groove: axial (a), sagittal (b), coronal cross-section
(c), and volume rendered display (d). The C-arm CT results
were obtained with syngo DynaCT running on a syngo Xworkplace (both Siemens AG, Healthcare Sector, Forchheim,

Germany). X-ray projections were acquired on an AXIOM Artis dBA angiography system (images courtesy of Prof. Doerfler,
Department of Neuroradiology, University Erlangen-Nuremberg, Germany)
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because C-arm CT can be used to image both feeder
vessels and soft tissue. For example, Meyer et al. recently presented five cases involving abdominal transarterial chemoembolization in which C-arm CT had
a considerable impact on the course of the treatment
(Meyer et al. 2007). Based on their experience, Meyer
et al. (2007) concluded that C-arm CT has the potential to expedite any interventional procedure that requires three-dimensional information and navigation.
Similarly, Wallace et al. (2007) found that C-arm CT

a

b
Fig. 3.8a,b. Uterine fibroid embolization. A maximumintensity-projection (MIP) image of a C-arm CT data set obtained with the catheter in the left uterine artery is shown in
(a). Another MIP image with the catheter in the right uterine
artery is displayed in (b). Results were obtained with an Artis zeego multi-axis C-arm system (Siemens AG, Healthcare
Sector, Forchheim, Germany) using the regular C-arm CT data
acquisition mode (a) and the large-volume mode (b) (images
courtesy of Dr. Waggershauser, Department of Clinical Radiology, University of Munich, Germany)

provided additional imaging information beyond DSA
in approximately 60% of all cases. In about 19% of all
procedures, procedure management changed. When
Virmani et al. (2007) investigated the usefulness of Carm CT for transcatheter arterial chemoembolization
(TACE) of unresectable liver tumors, they observed that
3D C-arm imaging led to different catheter positions in
39% of all cases, while improving the diagnostic confidence in 78% of all patients.
Another procedure that can benefit from 2D and
3D X-ray imaging is uterine fibroid embolization. In
addition to 2D fluoroscopic imaging for catheter guidance, C-arm CT can confirm blood supply to fibroids
in 3D as well. This is illustrated in Fig. 3.8. Data sets
were generated on an Artis zeego system (Siemens AG,
Healthcare Sector, Forchheim, Germany). Figure 3.8a
was obtained with the catheter in the left uterine artery
revealing blood supply to two fibroids. Figure 3.8a also
demonstrates single-run C-arm CT volume coverage.
Figure 3.8b, on the other hand, was acquired using Artis zeego’s large-volume scan mode involving two scans
with the detector positioned such that it captures one
half of an X-ray projection in one run and the remaining half in the other. For this data set, the catheter was
placed in the right uterine artery to confirm if it also
supplies blood to the fibroids or not. The Artis zeego’s
large-volume C-arm CT imaging mode increases the
width of the field-of-view from 25 cm, displayed in Fig.
3.8a, to 47 cm, illustrated in Fig. 3.8b. Figure 3.8b demonstrates that large-volume syngo DynaCT (Siemens
AG, Healthcare Sector, Forchheim, Germany) provides
superior organ coverage.
Additional clinical applications in the body that can
benefit from C-arm CT are drainages and punctures.
When performing percutaneous biliary drainage procedures, Froehlich et al. (2000), for example, found that
C-arm CT resulted in decreased procedure and fluoroscopy times. C-arm CT can also be beneficial for complicated transjugular intrahepatic portosystemic shunt
cases (Sze et al. 2006). Binkert et al. (2006) described
another successful application for C-arm devices providing both 2D and 3D imaging. They used the 3D
cross-sectional information for needle placement and
2D fluoroscopy to perform embolization of translumbar type II endoleaks.

3.3.1.3
Cardiac Imaging
Cardiac imaging for electrophysiology treatments is
another promising field for C-arm CT imaging. It can
provide accurate morphological information in the in-
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terventional suite immediately before, during, and after
an ablation procedure, whereas preoperative CT images
may be limited in accuracy due to changes in anatomical heart structures over time.
First clinical results obtained with syngo DynaCT
Cardiac (Siemens AG, Healthcare Sector, Forchheim,
Germany) are shown in Fig. 3.9a–d. Three multiplanar
reformatted images are displayed with a slice thickness
of 2.1 mm. They illustrate important anatomical struc-

tures, such as the four heart chambers (Fig. 3.9a) and
the left ventricle together with the ascending aorta and
the aortic valve (Fig. 3.9b). In this case, even a coronary artery could be successfully imaged, as shown
in Fig. 3.9c. A volume rendered posterior view of the
contrast-enhanced heart is displayed in Fig. 3.9d. There,
the esophagus was enhanced using barium (see yellow
arrow) to obtain information about its position relative
to the left atrium.

a

b

c

d
Fig. 3.9a–d. Multiplanar reformatted images (MPRs) reconstructed using an ECG-based multi-segment C-arm CT technique such as syngo DynaCT Cardiac (Siemens AG, Healthcare
Sector, Forchheim, Germany). Images are rendered with a slice
thickness of 2.1 mm. A four-chamber view is shown in the upper left (a). The left ventricle, ascending aorta, and aortic valve

can be found in the upper right (b). In the lower left, the proximal right coronary artery is depicted (c). A volume rendered
posterior 3D view of the contrast-enhanced heart is displayed
in the lower right (d). The yellow arrow points to the bariumenhanced esophagus (images courtesy of Prof. Brachmann and
Dr. Nölker, Klinikum Coburg, Germany)
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3.3.2
Guidance of Interventional
Procedures Using C-Arm CT
In the past, image guidance in the interventional suite
has been limited to 2D X-ray fluoroscopic imaging.
With the emergence of C-arm CT, however, it is now
possible to generate 3D data sets and perform real-time
2D imaging in the same room without having to relocate the patient.

3.3.2.1
Enhanced X-Ray Navigation
Two-dimensional fluoroscopic images, which are usually acquired to guide interventional procedures at
very low X-ray dose, offer excellent spatial and temporal resolution. Unfortunately, fluoroscopic images lack
both contrast resolution and 3D information. This may
cause difficulties when localizing devices with respect to
treatment regions. Three-dimensional C-arm CT data
sets, on the other hand, can provide both low-contrast
resolution and a 3D spatial orientation, but not in realtime. By integrating 2D fluoroscopic imaging with 3D
C-arm CT, the strengths of both methods can be combined. The result is an auto-registered (hybrid) system
integrating 2D and 3D X-ray imaging.

Since 2D and 3D imaging modalities are mechanically coregistered, 3D C-arm CT data sets can be used
for (augmented) real-time visualization of 2D fluoroscopic projections (Richter et al. 2007b). This is illustrated in Fig. 3.10. Figure 3.10a depicts a 3D vascular segment (in red) overlaid onto a coiled aneurysm.
Fig. 3.10b shows a volume-rendered roadmap with
vessels (in light orange) to facilitate guidewire navigation. Since a volume-rendered roadmap can be recomputed in real-time, changes in C-arm viewing angles,
source-detector-distance, zoom, and table movements
can all be taken into account without any need to acquire another 2D roadmap. From a clinical point of
view, volume-rendered roadmapping can reduce the
amount of contrast medium administered to a patient
and lessen X-ray dose. It can also save some procedure
time (Soederman et al. 2005).
Live 2D fluoroscopy augmented with anatomical
overlays derived from C-arm CT data sets can be further
enhanced by including an additional treatment plan for
instrument guidance. Such a plan can be generated by
annotating a C-arm CT data set, e.g., by adding points
and drawing lines. This treatment plan can then be superimposed on 2D X-ray projections either together
with an anatomical overlay or even without it. Similar
to anatomical overlays, the 2D appearance of a treatment plan set up in 3D is also updated whenever the Carm view orientation changes. This way, an appropriate

a

b
Fig. 3.10a,b. Enhanced X-ray navigation: Scene (a) depicts a
3D vascular segment (in red) overlaid onto a coiled aneurysm.
Scene (b) shows a volume-rerendered roadmap with vessels (in
orange). Both results were generated with syngo iPilot (Siemens

AG, Healthcare Sector, Forchheim, Germany) (images courtesy of Prof. Mawad, Baylor College of Medicine, Department
of Radiology, Houston, TX)

48

N. Strobel et. al.

overlay view of both anatomy and treatment plan can be
obtained under each C-arm projection angle.
An interesting clinical application that can benefit
from the use of graphical treatment plans is percutaneous needle guidance. The advantage of using a C-arm
system for percutaneous needle procedures is superior
access to bigger patients and better support for complex, double-oblique needle trajectories. To set up a
treatment plan, the physician specifies a target point
and a needle trajectory in 3D first. To this end, a C-arm
CT data set may be used. In the next step, the C-arm
is moved into a bull’s eye view (down-the-barrel view)
that aligns X-ray view orientation and needle path. This
view orientation is used to insert the needle. After the
needle has been placed, the C-arm is driven back and
forth between two suitably chosen progression views
to monitor needle advancement. If needed, C-arm CT
data sets can be generated throughout the procedure
to confirm the needle position in 3D. If a thin slice is
sufficient, narrow collimation may be preferable as it
reduces patient dose. Needle guidance for C-arm systems is commercially available as iGuide (Siemens AG,
Healthcare Sector, Forchheim, Germany) or XperGuide
(Philips Healthcare, Andover, MA).
One challenge for X-ray guidance involving C-arm
CT volume data is that the relation between the 3D data
sets and the 2D projection images needs to be maintained at all times. This requires stabilizing or tracking
the patient. However, if misalignment does occur, then
2D-3D registration algorithms are available to correct
for it (Byrne et al. 2004; Baert et al. 2004; Pruemmer
et al. 2006).

3.3.2.2
Electromagnetic Navigation / Tracking (EMT)
Electromagnetic (EM) tracking (EMT) systems receive
an increasing amount of attention in interventional
radiology. These tracking systems use a transmitter
located in the vicinity of the patient. It houses several
coils generating a complex EM field that extends to
some 50 cm in front of the device. If a small coil (position sensor) is brought into the EM field, the voltage
induced can be used to calculate sensor position and
orientation. With modern systems, a position accuracy
of around 1 mm can be achieved. Positions sensors are
usually located in the tip of interventional instruments,
e.g., needles used for biopsy, drainage, vertebroplasty, or
radiofrequency ablation devices.
The workflow of an electromagnetically navigated
intervention is as follows. First, the patient is placed on
the table of the C-arm CT system possibly immobilized

Fig. 3.11. Typical setup of an electromagnetic (EM) navigation
system. The transmitter, held by the flexible arm shown in the
center of the image, is placed underneath sterile covers. Since
the needle has an integrated localization sensor, the tracking
system can show its position inside a registered C-arm CT data
set. The 3D data was generated with an AXIOM Artis dBA Carm system (Siemens AG, Healthcare Sector, Forchheim, Germany), while EM navigation was performed with a CAPPA
IRAD EMT navigation system (CAS innovations, Erlangen,
Germany) (image courtesy of Prof. Wacker, Charité, Berlin,
Germany)

using a vacuum mattress. In the next step, a C-arm CT
data set is generated. Afterwards, the C-arm CT data set
is registered to the coordinate system of the tracking device. Different registration methods exist depending on
the EM tracking system used (Nagel et al. 2007). After
registration, the EM tracking system can display realtime instrument movement within a C-arm CT data set
using a graphical instrument representation as shown
in Fig. 3.11. It is also possible to mark target and skin
entry point in the 3D data set and, based on this information, use EMT to navigate the needle to the desired
position. Initial clinical results obtained for percutaneous procedures have demonstrated that EM navigation
based on C-arm CT data sets can be safe and effective
(Nagel et al. 2008).

3.4
Future Perspectives of C-Arm CT
The technical progress in C-arm CT is going to continue.
In fact, the recently introduced Artis zeego system (Siemens AG, Healthcare Sector, Forchheim, Germany)
already provides a glimpse into the future of advanced
C-arm devices. Based on a new multi-axis platform
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combined with a light-weight C-arm, these systems are
not only going to offer better patient access, but they
will also support faster, more flexible image acquisition
trajectories for increased 3D coverage. Latest C-arm
gantry designs together with further optimized X-ray
generation components, more advanced flat detectors,
and increasingly sophisticated 3D reconstruction algorithms will improve C-arm CT image quality beyond
what is currently available. Since navigation techniques
and instruments are continuously upgraded as well, it
seems safe to predict that future C-arm systems are going to be integrated medical devices seamlessly combining high-quality C-arm CT with 2D live imaging and
device navigation for therapy planning, guidance, and
outcome assessment all in the interventional suite.
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