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Towards Cardiac C-Arm Computed Tomography
Günter Lauritsch*, Jan Boese, Lars Wigström, Herbert Kemeth, and Rebecca Fahrig

Abstract—Cardiac interventional procedures would benefit
tremendously from sophisticated three-dimensional image guidance. Such procedures are typically performed with C-arm
angiography systems, and tomographic imaging is currently available only by using preprocedural computed tomography (CT) or
magnetic resonance imaging (MRI) scans. Recent developments
in C-arm CT (Angiographic CT) allow three-dimensional (3-D)
imaging of low contrast details with angiography imaging systems
for noncardiac applications. We propose a new approach for
cardiac imaging that takes advantage of this improved contrast
resolution and is based on intravenous contrast injection. The
method is an analogue to multisegment reconstruction in cardiac
CT adapted to the much slower rotational speed of C-arm CT.
Motion of the heart is considered in the reconstruction process
by retrospective electrocardiogram (ECG)-gating, using only
projections acquired at a similar heart phase. A series of almost
identical rotational acquisitions is performed at different heart
phases to obtain a complete data set at a minimum temporal resolution of 1
of the heart cycle time. First results in simulation,
using an experimental phantom, and in preclinical in vivo studies
showed that excellent image quality can be achieved.
Index Terms—Adaptive filtering, cardiac imaging, C-arm computed tomography (CT), dynamic imaging, retrospective gating.

I. INTRODUCTION
HERE is an increasing demand for three-dimensional
(3-D) imaging in interventional cardiac procedures. Such
procedures are typically performed using C-arm-based X-ray
angiography systems, which provide excellent temporal and
spatial resolution for two-dimensional (2-D) cardiac imaging.
However, 3-D image data would greatly enhance planning
and guidance of interventional cardiac procedures and would
also assist by providing accurate measurements. One possible
option is to use 3-D data acquired before the procedure, such
as cardiac computed tomography (CT) or cardiac magnetic
resonance data. However, if such data is to be used in combination with real-time X-ray data, a time-consuming and complex
image registration process is required. Moreover, preprocedural
data do not represent the exact state of the patient during the
procedure and imaging cannot be repeated if any changes occur
during treatment. It would thus be preferred to have a method
that can acquire 3-D data directly using the angiography system.
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Methods to reconstruct 3-D images of the cardiac anatomy
with angiography systems have been investigated previously.
Because of heart motion, the algorithms known from computed
tomography cannot be directly applied. One way to deal with
this problem is symbolic or model-based reconstruction that
uses prior knowledge and thus can cope with very limited projection data. The main focus of these methods has been to use
angiographic images acquired from different angles, e.g., with
a biplane system, to reconstruct a model of parts of the coronary tree [1]–[3]. Alternatively, data from rotational angiography runs can be used [3]. The symbolic reconstruction approach has also been applied to other cardiovascular structures
such as the left ventricle [4]. The problem of heart motion is
mitigated by electrocardiogram (ECG)-gated selection of the
projection images. A common drawback of these approaches is
that they require some user interaction to build the 3-D model.
Nevertheless, the symbolic methods are useful for clinical applications in interventional cardiology. Stenosis of coronary arteries can be quantified more reliably than in conventional 2-D
radiographs. For precise stent placement, the length and diameter of the affected vessel segment can be delineated. However,
a significant drawback is that symbolic methods do not provide
tomographic 3-D information, and are limited to certain predefined objects such as coronary arteries. They cannot easily be
extended to other cardiovascular structures. With rotational angiography data, it is also possible to extract the heart motion
from the data and then either motion-compensate the 2-D projections [5] or compute a four-dimensional (4-D) motion field
[6]. With motion compensation, it is possible to use more than
a few images for reconstruction and to perform a tomographic
instead of a symbolic reconstruction. These approaches, however, currently also require user interaction and are limited to
coronary vessels.
In noncardiac applications of angiography, 3-D rotational angiography [7] is commonly used to provide 3-D information
of high contrast objects during an intervention. Because of its
long acquisition time of several seconds, it cannot be applied
to cardiac imaging. Recently, an extension of 3-D rotational angiography was developed. With C-arm CT [8] (in radiology also
known as ACT [9]), it is now possible to use an angiography
system to produce images that are similar to those from a CT
scanner. While the well-known method of 3-D rotational angiography is limited to high contrast-objects (usually intra-arterially injected contrast agent), C-arm CT can resolve objects
with low contrast, and its main application is the visualization
of soft tissue [9]. In addition, C-arm CT can also resolve the low
contrast produced by a slower intravenous contrast injection.
This provides a new opportunity for cardiac imaging. The cardiac 3-D imaging methods mentioned above are all limited by
the acquisition time. Acquisition has to be fast in order to allow
for an intra-arterial injection, which cannot be sustained over
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a long time period. With C-arm CT, the situation is different:
Contrast can be slowly injected intravenously, allowing for a
long acquisition time. One can, thus, use an acquisition protocol
closer to a cardiac CT acquisition protocol [10], where acquisition time is mainly limited by the breath-hold time. In this work,
we attempt to apply the concept of ECG gating to C-arm CT.
The basic idea is to perform multiple, serial ECG-triggered rotational acquisitions and reconstruct the images with retrospective
cardiac gating. This is similar to multisegment reconstruction
strategies in cardiac CT [11]. The main difference to cardiac CT
is that rotational speed is much slower and that no spiral scanning is required because the angiography detector can cover the
whole heart in one rotation.
The aim of this paper is to demonstrate the feasibility of this
new cardiac C-arm CT approach. In Section II, we present the
methods for ECG-triggered data acquisition and reconstruction.
We then give results from simulation studies with an analytical,
anthropomorphic beating-heart phantom. We implemented the
method on a state-of-the-art flat panel angiography system and
show results of experiments with a moving bead phantom. Finally, we performed initial in vivo studies to demonstrate performance of the method in a physiological realistic situation.
II. ECG-GATING AND MULTIPLE DATA ACQUISITION
A. ECG-Gated Image Reconstruction
ECG-gating in C-arm CT is an analog of cardiac spiral CT
Angiography (CTA) [10], [11]. A periodic motion of the heart
is assumed. The challenge is to exclude movement in the reconstruction process as much as possible; only those projections
for which motion of the heart is expected to be minimal are
used for the reconstruction. Minimal movement occurs in the
end diastolic phase which can be detected in the ECG in a relative time window of usually 60%–100% between subsequent
peaks. In cardiac spiral CT, a set of slice images can be reconstructed from projection data all acquired within a single heart
cycle (single segment reconstruction). Alternatively, projection
data of several heart cycles can be combined to reconstruct images (multisegment reconstruction). Data acquired at different
heart cycles should provide complementary coverage over the
full angular range such that a complete data set is obtained. In
cardiac spiral CT, multisegment reconstruction is typically used
to increase temporal resolution by reducing the width of the time
window.
In C-arm CT, multisegment reconstruction has to be used
since a single scan lasts several heart cycles. Current C-arm defan-angle for circular
vices cover an angular range of
short-scan reconstruction, rotating at a constant angular speed
(constant with the exception of acceleration and deceleration
at the start and end of a run) in 4–10 s depending on the total
number of projection images desired. The angular position
of the X-ray source can be expressed as
with time
. The cardiac phase ranges from 0% to 100% and indicates
the phase within a current – peak interval. Fig. 1(a) shows,
for an ideal acquisition, the correspondence of the angular position of the X-ray source to the cardiac phase . Projection
data are selected in a time window centered at the reconstrucwith width
. The width
determines the
tion phase

Fig. 1. (a) ECG-gated data selection. Only those projection data are used for
image reconstruction which are acquired in a preselected time window of the
relative heart cycle time (gray shaded area). The time window is centered at the
reconstruction phase
and has width
. (b) A second forward run is performed to extend the valid angular range of source positions. In this illustration,
the second run is triggered with the heart phase such that the valid angular range
is disjoint and seamlessly positioned to the left of the gray shaded area acquired
by the precursor run. (c) A second run is performed in backward direction to
extend the valid angular range of source positions. Equivalent to Fig. 1(b), the
backward run is triggered with the heart phase such that the valid angular range
is disjoint and seamlessly positioned to the left of the gray shaded area acquired
by the precursor forward run.



1

temporal resolution. At a heart rate of 60 bpm data are selected
in typically 4–10 distinct angular intervals of the X-ray source
positions. In Fig. 1, the number of angular intervals is reduced
for clarity. After one short-scan, there remain gaps in the selected data. The angular range of each missing gap depends on
of the time window.
the temporal resolution, i.e., the width
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a series of forward runs, projection data can be selected corresponding to any reconstruction phase. In particular, a dynamic
sequence of image frames can be reconstructed from a single
series of forward runs.
From a clinical point of view, acquiring a series of forward
runs has a severe drawback. A significant amount of time is lost
by driving the C-arm back to its start position without acquiring
any projection data. We assume that the whole acquisition will
be accomplished during a single breathhold, and during an injection of contrast agent. It is, therefore, imperative to keep the
overall acquisition time to a minimum so that most patients can
easily comply with the breathhold requirement, and so that uniform vessel opacification is maintained while minimizing the
total amount of contrast agent administered. A more clinically
viable solution consists of a series of alternating forward and
backward runs.
C. Series of Alternating Forward and Backward Runs

Fig. 2. Temporal resolution versus data completeness. Transaxial images of
an anthropomorphic, mathematical phantom (see Section III) are reconstructed
from a single short-scan. (a) Without ECG-gating. (b) With ECG-gating at a
reconstruction phase of 90% of the R–R peak interval with a total width of
50%. Grayscale window C = 0 HU, W = 400 HU.

Missing data should be avoided since they cause image degradations comparable to or even more severe than those caused by
movement. For illustration, Fig. 2 shows reconstructed images
of a simulated heart phantom with and without ECG-gating. The
problem can be overcome by acquiring a series of almost identical short-scans. The phase or the start time of the scan is selected carefully such that each scan covers a complementary angular range in the desired time window. The total number of
scans required for data completeness depends on the temporal
.
resolution to be achieved, and is given by
B. Series of Forward Runs
Complementary data can be achieved by a series of
acquisitions with the same angular speed. To make sure that subsequent runs cover maximally disjoint intervals of the angular
position of the X-ray source in the required time window the
starting phase of the th run is triggered with a time delay
relative to the peak of the ECG
with

(1)

As illustrated in Fig. 1(b) the time delay of the th run results
in the coverage of an angular interval adjacent to the angular interval covered by the previous run ( -1). The covered angular
intervals of all runs are equally distributed over the whole scan
, the
range. For a minimum number of runs
angular intervals are disjoint but seamlessly appended to each
other. Data gaps would occur if the number of runs fell below
. It is important to note that the time
the minimum number
delay is independent of the required time window. Thus, with

The total time of data acquisition can be shortened significantly by acquiring projection images while the C-arm is returning to the start position of the next forward run. These runs
in reverse direction will be called backward runs. Arbitrarily,
the timing of the runs will be designed such that the same pattern of angular coverage will be obtained as could be achieved
using only forward runs [see Fig. 1(c)]. For those runs acquired
in the forward direction, (1) still holds with a set of indices restricted to odd numbers when beginning with a forward run. A
proper time delay for the backward runs can be found by considering the fact that the angular positions of the X-ray source at
the time instants associated with the reconstruction phase
should be the same as it would have been in a series of pure forrelative to
ward runs. Therefore, the triggered time delay
the peak of the ECG for the backward runs can be expressed
by
(2)
with indices restricted to even numbers, and
as the heart
. Note that
phase at the end of the first forward run
for brevity the modulo 1 operation keeping the quantities in the
range of 0 and 100% is omitted in (2) and in the following.
Equation (2) reveals that optimum triggering depends on the
chosen reconstruction phase, and conversely, that a choice of
triggering determines the optimum reconstruction phase. Thus,
when trying to reconstruct images at cardiac phases other than
the temporal resolution
the optimal reconstruction phase
there
will be decreased. However, given a fixed delay time
. Resolve
is more than one optimal reconstruction phase
(2) to the form
, where is expressed in units
of the cardiac phase and therefore is in the range from 0 to 1.
There are two solutions for the optimal reconstruction phase,
, and
due to the penamely
riodicity of the cardiac phase. In addition, for an even number
of acquisition runs the temporal distribution of the angular
position of the X-ray source shows a beneficial symmetry
[see Fig. 3(a)]. Angular positions inside the time window of
minimum extent are indicated by a black line which zigzags
. Outside of that time window, other zigzag curves
around
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gating process more precisely, the dynamic projection data
are characterized by the angular position
of the X-ray source, the normalized cardiac phase , and the
detector coordinates
and . The index of the acquisition
available for a
run is hidden in the set of cardiac phases
particular angular position . Nearest neighbor interpolation
can provide the complete set of projections required for 3-D
reconstruction

(3)
where
represents the set of selected projection
data which were assumed to belong to a static reconstruction
problem. Thus, for each angular position, only the frame acquired closest to the desired cardiac phase is used. With no temporal smoothing introduced, this will result in the highest temporal resolution possible with the available data. Taking other
parameters, such as signal-to-noise ratio (SNR) and artifact level
into account, additional temporal interpolation may be advantageous. In order to handle the nonuniform sampling intervals in
retrospective gating, an interpolation which is normalized with
respect to the actual sampling has to be used. The normalized
convolution scheme [12] automatically adapts to the available
sample intervals. In its simplest form it can be written as

(4)

Fig. 3. Heart phase versus angular position of the cone-beam source. A rotational speed of the C-arm device of 30 =s, and a heart rate of 60 bpm is simulated. An exemplary range of the scan is zoomed out. Contributions of the
different forward and backward runs are displayed by thin lines. Selected projection data which are confined within the desired time window are highlighted
by a thick line. Width  of the time window is chosen to achieve best time
resolution, i.e., 
=N with N the number of acquisition runs. (a) Number
. (b) Number of acquisition runs
of acquisition runs even, in particular N
odd, in particular N
.

1
1 =1
=3

where
is the interpolated image at the desired
and is the total number of available runs.
cardiac phase
The full-width at half-maximum (FWHM) is used to characterize the width of the chosen Gaussian interpolation kernel denoted

=4

can be found above and below that also cover the full temporal
range of the heart phase. Thus, in addition to the selected recon, best temporal resolution is also achieved
struction phase
where is any integer value such that
at
. Unfortunately, in the case of an odd number of acquisition runs, such simple symmetry does not exist [Fig. 3(b)].
In conclusion, for reconstruction of a fully resolved 4-D image
stack, a series of pure forward runs are preferable. However,
the clinical benefit of reducing the total acquisition time clearly
outweighs the reduced flexibility in choosing the reconstruction
phase retrospectively.
D. Temporal Weighting Function
In order to reconstruct a single 3-D volume from the acquired dynamic data, projection images corresponding to the
desired cardiac phase have to be extracted from the series of
acquired forward and backward runs. To formulate the ECG

(5)
With the infinite support of the Gaussian interpolation functions
used in this paper, for any value for the FWHM it is guaranteed
that at least one sample will be available for every projection
angle.
When data from a single cardiac phase have been extracted,
any algorithm could be applied to reconstruct images. The filtered backprojection algorithm of Feldkamp, Davis, and Kress
[13] has been proven to be accurate, stable, and efficient in
C-arm CT [8], and has been used in this work.
E. Heart Rate Variations
The assumption of a strictly periodic heart motion at constant rate does not hold in a clinical environment. Even patients
with a fairly constant heart rate under normal conditions will
show some variations due to the breath hold maneuver. While
holding the breath, typically the heart beat first slows down before it speeds up above its normal level. Further some extra systole beats might occur disturbing the regularity of the heart beat.
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In consequence, some desynchronization between the acquisition and the heart phase will occur which affects both the center
of gravity of the effective temporal window and the width. The
shift of the center of the effective temporal window is expected
to be small compared to the interval between the optimal recondeduced in Section II-C for the case of
struction phases
a constant heart rate. This is due to the fact that irregularities in
the heart rate yield an irregular temporal distribution of the angular position of the X-ray source. The symmetry will be lost
which otherwise forces the optimal reconstruction phases to a
few discrete values. The width of the effective temporal window
will increase and will depend on the reconstruction phase in an
as yet unknown manner. The loss of temporal resolution might
be compensated for by additional acquisition runs. However, the
accompanied increase of radiation exposure would limit that approach. Alternatively, or in combination, other synchronization
strategies might be developed in the future optimizing the temporal-angular coverage based on the knowledge of the real sampling pattern of the previous runs already acquired.
A thorough error propagation analysis is desirable but beyond
the scope of this paper. To achieve a first level of understanding,
the effects of heart rate variations are discussed on a simulated
example in Sections III-B4 and III-C4.

III. SIMULATION STUDIES
A simulation study was performed to provide a thorough understanding of the properties of ECG-triggered multiple acquisition runs and ECG-gated reconstruction. The relevance of the
observations will be validated in experimental and preclinical
studies in Sections IV and V.
A. Methods and Materials: Phantom Description
Embedded in the FORBILD thorax phantom a dynamic,
mathematical model of a beating heart was designed [14]. A
volume rendered illustration of the ventricles and blood vessels is shown in Fig. 4(a). Sample slice images in transaxial,
coronal, and sagittal orientation are presented in Fig. 5(a)–(c).
The 3-D motion of the right coronary arteries (RCA), left coronary arteries (LCA), and the myocardium are modeled separately. However, there is a link of the motion of the coronaries
with the myocardium. For more details, see [14]. The simulated
motion mimics the anatomic movement according to clinical
data found in the literature [15], [16]. RCAs have a larger range
of motion, while LCAs and myocardium show a significant rest
period during the diastolic phase. Model parameterization allows for some variations of the motion field. Fig. 4(b) shows the
time dependency of the variables of the motion modeling functions used in this study. The deflection of the objects is proportional to the variable values. The simulated motion field is quite
challenging. The diastolic phase (zero level) is relatively short
at less than 20% of the heart cycle time. In a sample transaxial
cm, the maximum deflection of LCA and
image slice at
RCA is 1.8 and 4.0 cm, respectively. Maximum velocity of LCA
and RCA during contraction and dilation is 15.4 and 25.0 cm/s.
1http://www.imp.uni-erlangen.de/forbild/english/results/thorax/thorax.htm

Fig. 4. Mathematical heart phantom embedded in the FORBILD thorax
phantom. (a) Volume rendered visualization of the ventricles and blood vessels
filled with contrast agent. Certain objects are indicated: right ventricle (RV),
left ventricle (LV), aortic arch (AA), right coronary artery (RCA), left main
coronary artery (LM), left anterior descending artery (LAD), left circumflex
artery (CX). (b) Temporal response of the parameters characterizing the 3-D
motion of the mathematical heart phantom. Model consists of three independent
parameters specifying the 3-D motion of the myocardial wall (solid line), the
left coronary arteries (LCAs) (dashed line), and the RCAs (dotted line). Time
is expressed in milliseconds relative to the R peak. Plot shows a full heart cycle
with a heart cycle time of 800 ms (75 bpm).

This model may overestimate motion compared to clinical situations where mean maximum velocities are reported as 5.9 cm/s,
and 9.2 cm/s for the LCA and RCA, respectively [15]–[17]. Our
goal is to clearly work out the properties of the proposed method
in a challenging scenario.
Unless otherwise stated, the following scenario is performed.
A periodic motion of the heart is simulated with a constant heart
rate of 75 bpm, i.e., a heart cycle time of 800 ms. The level of
contrast agent is chosen to be 300 HU in the ventricles and aorta
and 250 HU in the coronary arteries. The parameters of the simulated data acquisition are reported in Table I. The simulated detector parameters do not coincide with those of real C-arm systems (compare with other entries in Table I). The parameters are
chosen to avoid the problem of transaxial data truncation which
is not the scope of this paper. The relatively large pixel size is
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Fig. 5. Mathematical heart phantom in the phase 
:
embedded in the FORBILD thorax phantom. Images of the ground truth (a)–(c), images of a static
heart reconstructed from projections of size 92 cm 46 cm (d)–(f), and images of a static heart reconstructed from projections of size 40 cm 30 cm (g)–(i),
: cm (a, d, and g), coronal slice at y
: cm (b, e, and h), and sagittal slice at
are shown. Different slice orientations are presented: transaxial slice at z
x
: cm (c, f, and i). Intersection lines of slices of different orientations are indicated in dark gray in (a)–(c). Grayscale window C
,W
.

=20

=11

selected to keep the amount of data reasonable. Projection data
are computed free of noise as pure line integrals through mathematical objects. ECG-triggering is performed according to the
description in Section II, (1) and (2). Volume images are reconstructed with a conventional short-scan Feldkamp algorithm
using Parker weights to deal with data redundancies. The re(717 ms) is chosen, which
construction phase
is the center of the interval where the left coronary artery and
the myocardium is at rest. This reconstruction phase is not optimal for the right coronary artery since it is located at the end
of the rest phase. As can be seen in Fig. 4(b), the center and the
width of the interval free of movement differ for RCA, LCA, and
myocardium. From the reconstructed 3-D volume, a transaxial
slice of a subregion-of-interest of dimension 360 360 will be
mm.
displayed at
The ground truth of the phantom in that transaxial slice at
, is shown in Fig. 5(a). Views of coronal and sagittal
slices are added in Fig. 5(b) and (c) to provide a better understanding of the 3-D structure of the phantom. Slice images
reconstructed from projections of a static heart in the phase
are shown in Fig. 5(d)–(f). Although free of motion, the reconstructed image shows some slight streak or ripple
artifacts caused by discretization errors due to the relatively low
number of projections. In the sagittal slice prominent cone artifacts appear as streaks emitted from the sharp edges of high
contrast of the spine. Cone artifacts are due to the fact that in
cone-beam geometry a circular X-ray source trajectory does not

= 02 5

= 0 HU

2

= 400 HU

provide a complete data set. Cone artifacts can be removed by
extending the X-ray source trajectory to a complete one e.g. a
circle plus line trajectory [18] which is not in the scope of this
paper. Dynamic images should be compared with the reconstructed images of the static phantom to identify the artifacts
that are due to motion.
As already mentioned, in real C-arm systems, the flat panel
detectors are too small to cover the entire object and, thus, axial
and transaxial truncation of the projection data occurs. Axial
truncation limits only the field of view (FOV), but has no effect
on image quality since the filtering of the Feldkamp algorithm
is horizontal and line by line. Transaxial truncation, known as
the interior problem, causes more severe artifact since there is
no mathematically exact solution [19] although current interest
in approximate solutions is high, and research in the area continues. To illustrate the potential image quality in the presence
of truncation, a simulation of the static heart phantom is also
30 cm detector. Fig. 5(g)–(i) disperformed with a 40 cm
plays reconstructed image results achieved by a method extrapolating the truncated projection data by simple mirroring and
apodization [20]. Besides the reduction of the FOV, differences
between the truncated/extrapolated reconstruction and the reconstruction from nontruncated data are small; the liver in the
coronal slice in Fig. 5(h) shows an artificial signal increase close
to the border of the FOV. Thus, reasonable image results can be
expected when reconstructing from transaxially truncated projections. For a more detailed discussion, see, for example, [8].
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TABLE I
PARAMETERS OF DATA ACQUISITION AND IMAGE RECONSTRUCTION

The X-ray source and detector assembly is rotated along a circular arc. The
axial direction. Dedetector size and dimension is expressed in transaxial
tector pixels are quadratic. The dimension of the reconstructed image volume
is expresses in x y z direction where the xy-, xz-, and yz-plane define the
transaxial, coronal, and sagittal slice orientation, respectively. Image voxels are
cubic.

2

2 2

B. Methods and Materials: Investigations
The following investigations were carried out using the numerical model described above.
1) Reconstruction of a Dynamic Image Sequence: From six
acquisition runs, in addition to the chosen reconstruction phase
(717 ms), temporally optimal reconstruction
is also possible at five other time instants
(50 ms),
22.9% (183 ms), 39.6% (317 ms), 56.3% (450 ms), and 72.9%
(583 ms). The plots of the temporal dependency of the heart
motion parameters in Fig. 4(b) show that the time instants
and
coincide with the systolic and diastolic
phase of rest, respectively. However, in the systolic phase, there
is still some slight movement. Temporal nearest neighbor interpolation is used in the retrospective ECG gating.
2) Number of Acquisition Runs: The optimal choice of the
number of acquisition runs is a tradeoff between temporal resolution and dose. We, therefore, reconstructed simulated data
for six, three, and two alternating acquisition runs, which cor,
respond to a width of the temporal ECG window of
1/3, and 1/2, respectively. Temporal nearest neighbor interpolation is used in the retrospective ECG gating.

Fig. 6. Dynamic sequence of transaxial images reconstructed from a single data
set consisting of six forward and backward acquisition runs in alternating order.
Reconstruction phase 
is 6.3% (top left), 22.9% (top right), 39.6% (middle
left), 56.3% (middle right), 72.9% (bottom left), and 89.6% (bottom right) of
the R–R peak interval. The cardiac phases 39.6% and 89.6% correspond to
the systolic and the preferred diastolic phase, respectively. Grayscale window
C = 0HU, W = 400HU.

3) Interpolation Kernel: The introduction of smooth interpolation kernels might lead to a second tradeoff, namely between
temporal resolution and artifact suppression. The effect of the
Gaussian interpolation kernel defined in (4) and (5) was studied
for three different FWHM of the Gaussian, 1/6, 1/3, and 1/2. In
all cases, three alternating acquisition runs were used.
4) Heart Rate Variations: In order to provide a first understanding of the effects of heart rate variations on image quality
a physiologically plausible example is investigated. A series of
acquisition runs in alternating forward and backward
direction is considered. The reaction of the heart rate to the
breath hold is mimicked by a parabolic function
(6)
where parameterizes the acquisition runs ranging from 0 to 3
with integer values at the endpoints of any run. The heart rate
at the beginning of the first run (forward
starts at
at
direction) and drops down monotonically to
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Fig. 8. Variation of the temporal interpolation kernel. Transaxial image slice reconstructed from ECG-gated projection data of three acquisition runs, which can
be compared to the nearest neighbor interpolation in Fig. 7(b). Temporal interpolation is applied using a Gaussian interpolation kernel of width (a) FWHM
= , (b) FWHM
= , and (c) FWHM
= of the R–R peak interval. Reconstruction phase 
: . Grayscale window C
,W
.

16
400HU
Fig. 7. Variation of the number of acquisition runs. Transaxial image slice
reconstructed from ECG-gated projection data of (a) N
, (b) N
,
acquisition runs in alternating forward and backward direcand (c) N
coronal (d) and sagittal (e) slice images are displayed as
tion. For N
well. Reconstruction phase 
: . Grayscale window C
,
W
.

=2
=3
= 400HU

=6

= 89 6%

=3

= 0HU

the end of the first run, beginning of the second run (backward
direction). It reaches its minimum
after
a quarter of the second run and subsequently increases monoat the end of the second run, betonically up to
ginning of the third run (forward direction), and finally reaches
at the end of the third run.
C. Results and Discussion: Simulations
1) Reconstruction of a Dynamic Image Sequence: Fig. 6
shows the reconstructed image results for the six phase points
through the cardiac cycle. In the diastolic as well as in the systolic phase excellent image quality is achieved. Due to the small
even the RCA and
width of the ECG time window
LCA are clearly depicted. The images corresponding to phase
and
, which are both at the
instants
outer end of the diastolic phase still provide valuable information about the myocardium. The left coronary artery is somewhat blurred while the right coronary artery is totally degraded
reflecting the fact that the duration of rest is much shorter for the
RCA than for the LCA. Reasonable streak artifacts caused by
data inconsistencies due to movement affect the image quality.

=1 3

= 89 6%

=1 2

= 0HU

=
=

At the phase instances
and
strong motion occurs during contraction and dilation. The corresponding
images are so degraded by blurring and strong streak artifacts
that any valuable information is difficult to extract.
2) Number of Acquisition Runs: Fig. 7(a)–(c) shows image
results of six, three, and two acquisition runs. The image
achieved from three acquisition runs already shows some slight
degradation relative to that from six runs. The right coronary
artery appears a little blurred, and some slight streak artifacts
are visible in the background. Fig. 7(d) and (e) also shows
coronal and sagittal slices reconstructed from three acquisition
runs. The streak artifacts in the transaxial slice appear as
ghosting of the myocardial wall in the sagittal slice. To achieve
good temporal resolution, a large number of acquisition runs
is desirable with, however, a resulting undesirable increase in
dose to the patient. Thus, one must find the minimum number
of acquisition runs such that image quality is just acceptable.
Certainly there is no rule, as the desired image quality will
depend on the application and task. Due to cardiac motion, an
increase in temporal resolution can be considered to provide
increased spatial resolution as object blurring decreases. For the
depiction of large objects like the ventricles and the associated
ostia of large blood vessels, temporal resolution may not be
critical. For imaging of the small coronary arteries including
some orders of sub-branches, very high temporal resolution is a
prerequisite. This study demonstrated that three runs represents
a fair compromise between image quality and dose. These
initial simulations also indicate that two runs will not satisfy
clinical requirements.

930

IEEE TRANSACTIONS ON MEDICAL IMAGING, VOL. 25, NO. 7, JULY 2006

Fig. 9. Variation of the temporal interpolation kernel. Central line of transaxial
images shown in Figs. 7(b), 8(b), and 8(c) is plotted. Plot lines correspond
to nearest neighbor interpolation (solid line), and Gaussian interpolation with
= (dashed line), and FWHM
= (dotted line). Ground
width FWHM
truth is indicated by a solid gray line.

=1 3

=1 2

3) Interpolation Kernel: The effect of the Gaussian interpolation kernel defined in (4) and (5) is shown in Fig. 8. The
achieves an
Gaussian with the smallest width FWHM
image indistinguishable from the result of the nearest neighbor
yields
interpolation. Doubling the width to FWHM
an image which seems to have some loss of contrast in the
myocardium. As shown in Fig. 9, this visual impression corresponds to a loss of spatial resolution. The blurring of the edges,
caused by the contributions of the long tails of the Gaussian
function, is pronounced. Increasing the temporal width to
, the resulting image is further degraded by blurFWHM
ring. It is obvious that the smoother the interpolation kernel the
larger the effective temporal width of the ECG gating window.
There was hope that a smooth interpolation kernel might reduce artifacts due to data inconsistencies typically caused by
contributions of neighboring projection images which strongly
differ. However, it is interesting to note that the streak artifacts
due to data inconsistencies are not reduced for any of the cases.
, the artifacts
As can be seen in the case of FWHM
actually become stronger since projection data are taken into
account acquired at phase instants far from the reconstruction
phase. To summarize, simple temporal interpolation does not
resolve data inconsistencies caused by periodic motion. Since
it reduces temporal resolution, its application has to be justified
carefully. However, as will be seen in Section IV-B below,
temporal interpolation can improve SNR and reduce streak artifacts that are associated with noisy pixels whose values differ
considerably from their neighbors. Further, some slight artifact
reduction will be observed in the case of heart rate variations.
4) Heart Rate Variations: The consequences of a nonconstant heart rate are shown in Fig. 10. The resulting pattern of
the Nearest Neighbor interpolation appears quite irregular due
to the desynchronization of the heart rate and the data acquisition. The ideal pattern at constant heart rate would be an
shaped one consisting of segments in the order from left to
right of third (solid), second (dotted), first run (dashed). In the

Fig. 10. Heart rate variations. Heart rate varies in the range from 66 bpm to
acquisition runs mimicking the physiological reaction of
84 bpm during N
a breath hold. Heart phase versus angular position of the X-ray source is shown:
dashed (first run, forward direction), dotted (second run, backward direction),
thin solid (third run, forward direction), and thick solid (nearest neighbor selection).

=3

Fig. 11. Heart rate variations. Heart rate varies in the range from 66 to
84 bpm mimicking the physiological reaction of a breath hold. A transaxial
acquisition
image slice is reconstructed from projection data of N
runs using (a) nearest neighbor interpolation, (b) Gaussian interpolation with
: . Gray scale window
FWHM
: . Reconstruction phase 
C
,W
.

= 02
= 0HU = 400HU

= 89 6%

= 3

case of heart rate variations, many types of patterns appear with
varying shapes. The most obvious disturbance is the mismatch
between the first and third run. While starting perfectly synchronized at low projection angles, their distance monotonically decreases until they almost coincide around 175 . Thus,
for large projection angles only two of the three acquisition
runs are effective. The phase of the resulting temporal window
is slightly shifted by 0.02. The temporal resolution is significantly decreased. The minimum and maximum phase of the
temporal window is 0.27 and 0.31, respectively, instead of
0.17 in the ideal case. The standard deviation of the samples
selected in the nearest neighbor interpolation is 0.134 compared
to 0.096 of the ideal case. Fig. 11 shows the image results for
the nearest neighbor interpolation and the Gaussian interpola. The reduced temporal resolution leads
tion with FWHM
to increased streak artifacts and reduced contrast in the myocardium. Further, the RCA and LCA appear more blurred but
the LCA is still clearly visible. The visual differences between
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Fig. 12. Prescribed motion of the bead phantom during the in vitro experiment,
mimicking the motion of the mitral annular plane.

Nearest Neighbor interpolation and Gaussian interpolation are
not very prominent. The streak artifacts are slightly reduced in
the Gaussian interpolation. To conclude, heart rate variations are
a serious problem to be further investigated. However, in this
first simulation, a promising image quality was achieved in the
absence of additional corrections.
IV. EXPERIMENTAL STUDIES
A. Methods and Materials
Images of a moving phantom were acquired using a
ceiling-mounted C-arm flat panel detector system (Axiom Artis
dTA, Siemens Medical Solutions, Forchheim, Germany). A
tungsten bead with a diameter of 0.28 mm was embedded in
Lucite and imaged with a 4 6 s acquisition i.e., during two
forward and two backward runs of the C-arm, 165 projections
over 6 s per run. When the total acquisition time is fixed, the
maximum number of projections is limited by the frame rate of
the system which is currently 30 fps. During the 400-ms-long
acceleration and deceleration phases of the C-arm the frame
rate is adaptively reduced in order to achieve an equiangular
sampling over the complete angular coverage with the same
projection angles sampled during both the forward and backward runs. The start of each run is triggered on the ECG as
described in Section II-C. In the current prototype system, there
is also an additional delay of 1200 ms between two subsequent
runs. Other acquisition parameters can be found in Table I.
The motion of the phantom was created using a computer
controlled stepping motor in a direction parallel to the axis of rotation of the C-arm. The motion trajectory that we used (Fig. 12)
was extracted from an echocardiographic registration of longitudinal mitral annular motion in a healthy subject (System FiVe,
GE Vingmed Ultrasound AS, Horten, Norway). This excursion
in the base to apex direction is one of the most dynamic aspects
of cardiac motion, and closely tracks the position of the left circumflex coronary artery (LCx). The total excursion was 22 mm
and the heart rate 52 bpm. As a reference, image data were also
obtained by imaging the phantom while stationary.

Fig. 13. (a) Image intensity plots through the center of the tungsten bead in the
direction of motion under different imaging conditions during the in vitro experiment. (b) Corresponding modulation transfer functions. Solid line represents
the stationary phantom, the dashed line shows data reconstructed using nearest
in the moving phantom,
neighbor interpolation at cardiac phase 
while the dashed-dotted and dotted lines are calculated using Gaussian interpo: , respectively.
: and FWHM
lation with FWHM

= 0 20

= 80%
= 0 40

From the projection data sets obtained using multiple runs,
specific cardiac phases were extracted by applying temporal
nearest neighbor or temporal Gaussian interpolation as described in Section II-D. 3-D image volumes were subsequently
reconstructed with an isotropic voxel size of 0.15 mm using
Feldkamp cone beam reconstruction with additional correction
algorithms for scatter, beam hardening, truncation, and ring
artifacts (DynaCT, Siemens Medical Solutions, Forchheim,
Germany) [8]. The image intensity was extracted along a line
through the bead, parallel to the direction of motion. From
the resulting intensity profile, representing the point spread
function (PSF), the signal level from the surrounding Lucite
was subtracted, and the modulation transfer function (MTF)
was calculated as the Fourier transform. Since each MTF was
calculated based on only a single line of data, some smoothing
was applied to the transformed data in order to reduce noise.
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(

Fig. 14. Multiplanar reformatted images through the long axis (top row) and short axis (bottom row) of the porcine heart. Diastolic 
time frames are shown, reconstructed using both nearest neighbor and Gaussian FWHM
interpolation.

:

(

= 40%)

Averaging of multiple lines through the bead was not performed
since the motion might affect the MTF anisotropically. The
finite size of the bead was compensated for by deconvolution.
In order to characterize the noise and artifact level, the standard
deviation was calculated within a 3-D region surrounding the
tungsten bead.

(

= 0 20)

= 80%) and systolic

V. PRECLINICAL STUDIES IN AN ANIMAL MODEL
In order to verify image quality in a scenario with realistic
physiological variability, we carried out a series of experiments
in a porcine model in vivo and present here a representative
result.

B. Results and Discussion

A. Methods and Materials

Based on the in vitro experiment, modulation transfer functions (MTFs) indicating the spatial resolution that can be obtained under stationary and moving conditions when using the
actual imaging system are shown in Fig. 13(b). These show only
a minor drop for the moving bead when imaged during a cardiac
, when compared
phase which is relatively static
to the completely stationary reference. The response dropped to
50% at a spatial frequency of 7.1 and 6.3 cycles/cm, and to 10%
at 13.0 and 11.5 cycles/cm for the stationary and moving case,
respectively. Using nearest neighbor or Gaussian interpolation
and FWHM
) over time resulted in
(FWHM
almost identical frequency responses. Interpolation in the temporal dimension can potentially reduce noise and artifacts in the
resulting images, by seamlessly incorporating data from multiple runs. It will also provide a smoother transition between reconstructed time frames. However, when using a wide interpolation kernel, significant spatial blurring can also be introduced.
These effects are evident in Fig. 13(a), where the Gaussian interpolation results in a slightly reduced standard deviation in the
background but also lower peak amplitude in the tungsten bead.
Consequently, the optimal interpolation will be dependent on
the application and the available SNR.

The same system used above for experimental measurement
of beads was used to acquire in vivo images in a porcine
model (for details see Table I). The following procedure was
performed on a 35-kg pig according to a protocol approved
by Stanford University’s Institutional Animal Care and Use
Committee. First, the animal was sedated, placed on a respirator and a 10-F sheath was inserted into the femoral vein.
Vitals were monitored throughout the procedure. The heart rate
was initially 80 bpm, but decreased by 8% over the duration
of the scan. A pigtail catheter was placed proximal to the
femoral vein bifurcation. The time delay of contrast to the right
atrium was determined by using a 2-s injection at 10 ml/s,
and acquiring DSA images at 7.5 frames/s. An estimate based
on visual inspection indicated that 15 s was required for peak
opacification of the right atrium to occur. Using a 15-s delay
and a four-run (6-s per run) triggered acquisition with some
delay at turn-around (1.2 s break time plus waiting for the
proper heart phase to initiate the return run), a total injection
time of 45 s was required. Data was acquired with contrast
(282 mg/ml Iodine, Conray), an injection rate of 3 ml/s for a
total volume of 135 ml. Breathing was suspended throughout
the image acquisition period. Reconstruction was then carried
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for both the diastolic and systolic phase, and the volume images clearly demonstrate a significant length of the coronary
arteries (Fig. 15). Increased wall thickness and decreased left
ventricular volume can be appreciated in the systolic phase,
indicating that dynamic information can be obtained. These
results support the hypothesis that, if the appropriate cardiac
phases are chosen, the 4 6 s acquisition can provide excellent
visualization of cardiac structures such as chambers and coronary arteries even when the heart rate is not perfectly stable
during the scan.
VI. CONCLUSION

Fig. 15. Volume renderings with oblique clip planes showing the porcine heart
reconstructed using nearest neighbor
in a diastolic time frame 
interpolation. Arrows indicate the RCA, left anterior descending (LAD), and
left circumflex (LCx) coronary arteries, respectively.

(

= 80%)

out at several points through the cardiac cycle (165 projection
images per volume).
B. Results and Discussion
Multiplanar reformatted images through the volume reconstructed for a diastolic and systolic time frame are shown
(Fig. 14) for the long and short axes of the heart. We also
show the effect of Gaussian interpolation FWHM
on overall image quality. Note that Gaussian interpolation
both smoothes noise and provides some minor reduction of
streak artifacts. Good delineation of chamber walls is evident

This study shows the potential of C-arm computed tomography (C-arm CT) for dynamic cardiac imaging. Heart phases
with minimal motion are detected in the ECG and used for
ECG-gated reconstruction. Since C-arm devices typically require several heart cycles for a short-scan run, multisegment
techniques have to be applied. Complete data acquisition can
be achieved by a series of short-scan runs. Each acquisition run
should be triggered by the ECG signal properly to smoothly fill
the required range of projection angles. A series of alternating
forward and backward runs is preferable to minimize the total
acquisition time although reconstruction is limited to some distinct, selectable heart phases in this case.
The properties of the new method are thoroughly investigated in a simulation study. To investigate possible problems
due to motion a mathematical, anthropomorphic heart phantom
is used with an end diastolic phase of less than 160 ms, and a
maximum speed of 15.4 and 25.0 cm/s of the LCA and RCA,
respectively, during contraction and dilation. Acquisition parameters are chosen to be close to those of real C-arm devices
except that the detector size is increased to avoid superposition
of motion-related artifacts with possible truncation artifacts. In
the tradeoff between image quality, dose and contrast agent, between three and four acquisition runs appear to be sufficient for
clinical purposes in imaging the ventricles, the large blood vessels, and the proximal segments of the coronary arteries. An
even number of acquisition runs allows for some rudimentary
dynamic imaging with as many optimally time resolved cardiac
phases as number of runs. Thus, in practice four acquisition runs
will be the likely configuration of choice.
Major problems in multisegment reconstruction are the streak
artifacts caused by data inconsistencies at the transition from
one segment to another. Temporal interpolation fails to resolve
those data inconsistencies. In the case of heart rate variations,
only a slight artifact reduction can be observed with temporal interpolation. It appears to be a valuable tool for smoothing noise.
As an alternative, elastic morphing between projection images
might be more promising but has not been investigated here. By
morphing between projection images of the same angular positions but acquired at different cardiac phases it might be possible
to emulate data most consistent with the desired reconstruction
phase. However, the complete motion field has to be known to
perform elastic morphing.
The study is performed under some ideal conditions, namely
objects with constant heart rate which fit entirely in the FOV.
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The data truncation of larger objects can be effectively handled
by extrapolation methods routinely used in C-arm CT. Heart
rate variations are expected to be an important and challenging
problem since natural variations in the heart rate are unavoidable in a clinical environment. A thorough analysis of their impact to image quality must be performed in the future. Although
promising image quality is already achieved in a simulation experiment more work is necessary to develop an optimal synchronization of the data acquisition with nonperiodic heart phases.
In an in vitro experiment a first estimate of the MTF is
achieved. A tungsten bead is tracked according to a trajectory
derived from a clinical study. With four acquisition runs, the
tungsten bead can be depicted with high accuracy during cardiac phases of minimal motion. The MTF shows only a minor
drop for the moving bead compared to the reference case of a
stationary one.
Finally, a preclinical study in an animal model in vivo validates the observations and findings. Excellent image quality
is achieved with only four acquisition runs of 165 projections
each. In spite of the relatively low number of projections, good
low contrast resolution is achieved using an intravenous injection of contrast agent. A Gaussian temporal interpolation with a
proper smoothing width further increases SNR without any significant loss of temporal resolution.
C-arm CT with ECG-gated image reconstruction appears to
be a promising, viable way to provide tomographic imaging in
the interventional suite during the intervention. In cardiac intra
vascular interventions, 3-D imaging is important for catheter
guidance and navigation. Multiple, ECG-triggered acquisition
runs for data completeness can easily be performed with few
system modifications. As a work in progress, patient dose might
be cut effectively by a prospective ECG-triggered pulsing of
the X-ray source to acquire data only in the required temporal
window. ECG-gated reconstruction only requires an additional
tool for temporal data selection and interpolation. Conventional
reconstruction algorithms can be applied as in the static case.
First results in phantom experiments, as well as in preclinical
studies in animal models show that good image quality can be
achieved with a practical realization.
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