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Abstract—A C-arm CT system offers the possibility to acquire
2-D high-resolution X-ray images of the patient from different
views. These projections can be used for 3-D imaging. Anatomical
three-dimensional imaging holds great potential to improve
cardiac interventions. However, the image acquisition using a
C-arm CT system takes several seconds. A standard FDK recon-
struction using all acquired projection images results in a motion
blurred image. In order to improve the temporal resolution,
an electrocardiogram (ECG) is acquired synchronously with the
acquisition and reconstruction is performed only with subsets
of projection images, each belonging to a certain heart phase.
This retrospective ECG-gating of data from a single C-arm
rotation provides only a few projections per heart phase for image
reconstruction. This view sparsity leads to prominent streak
artifacts and a poor signal-to-noise ratio. Therefore, motion
estimation and correction are required for the reconstruction
of the cardiac chambers. We recently presented a deformable
image registration approach which allows for motion estimation
on the initial ECG-gated volumes using a specifically designed
imaging protocol. In this paper, an additional step to improve the
initial image quality is presented which removes dense objects,
i.e. pacing electrodes or catheters, before the deformable 3-D/3-
D registration step. The algorithm is evaluated quantitatively
and qualitatively on a simulated phantom dataset. The relative
root mean square error (rRMSE) was reduced by 27 % and the
universal image quality index (UQI) improved by 13 % compared
to the algorithm without removing the dense objects from the
reconstructions. Finally, the presented algorithmic framework
was applied to a first clinical patient dataset and the preliminary
results are presented in this paper.

I. INTRODUCTION

In recent years, three-dimensional imaging has become
more and more important in the field of cardiac imaging.
However, most systems can only be used pre- or post-
interventionally. Therefore, need for 3-D imaging directly in
the catheter lab has become of major interest in the last
years. Interventional 3-D imaging can be performed with
an angiographic C-arm CT system already available in most
catheter labs in order to perform 2-D fluoroscopic imaging.
The 3-D C-arm CT image provides valuable information to the
cardiologist directly inside the catheter lab, e.g. for minimally
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invasive valve procedures or device implantations [1]. For
example, in [2], the 3-D reconstruction of the aortic root is
used for guidance of a transcatheter aortic valve implantation
(TAVI) by overlaying the 3-D reconstruction onto the fluoro-
scopic images during the deployment of the prosthesis, and for
measuring critical anatomical parameters in 3-D image space.

Up to now, pre-operative three-dimensional echocardio-
graphic volumes are used for wall motion analysis for car-
diac resynchronization therapy (CRT) procedures in order to
find the optimal lead position [3]. Three-dimensional C-arm
reconstructions of the cardiac chambers in various heart states
directly in the catheter lab would provide valuable information
for the cardiologist during the CRT procedure.

For the reconstruction of a temporal sequence of 3-D cardiac
images using a C-arm system, a specifically designed contrast
and acquisition protocol for dynamic cardiac imaging is re-
quired [4]. Due to the design of the imaging protocol, multiple
retrospectively ECG-gated reconstructions can be performed.
The resulting volumes suffer from noise and streaking artifacts
due to sparse view sampling. One possible solution to improve
image quality is the use of all acquired projection data in
combination with compensation for the cardiac motion in
the reconstruction step. The cardiac motion can be estimated
by registration of initial 3-D volumes of each heart phase
to one reference heart phase. However, the quality of the
initial images influences the accuracy of the estimated cardiac
motion.

We already investigated different techniques to generate
initial images for cardiac motion-estimation via deformable
3-D/3-D image registration [5]. In this paper, an additional
catheter artifact removal (CAR) approach is presented to
further improve the initial image quality before estimation of
the cardiac motion. In our case, a contrast filled catheter and
a pacing electrode are always present in the scanning field
of view. The presented algorithm is applied to a simulated
phantom dataset and to a first clinical patient dataset.

II. DYNAMIC CARDIAC IMAGING

In this section, the new initial image reconstruction method
is described as well as the 3-D/3-D registration for cardiac
motion estimation. With the estimated motion, a motion-
compensated reconstruction is performed using all acquired
projection images.



A. 3-D Initial Image Generation

The cardiac motion is estimated on initial 3-D volumes.
The initial images are reconstructed by retrospective ECG-
gating. A weighting function based on the relative heart phase
is introduced into the standard FDK approach, which assigns
to each image an impact weight on the reconstruction result.
Here, a rectangular window is used. A total of K heart phase
volumes can be reconstructed. The resulting reconstructions
are denoted as FDK.

Catheter Artifact Removal (CAR): Strong undersampling
artifacts are caused by high-density objects like the pigtail
catheter or a pacing electrode. Therefore, these objects need
to be removed from the 2-D projection images before the
reconstruction. The high density objects are identified in the
ECG-gated volumes to generate binary 3-D mask volumes for
each heart phase. The segmentation process is restricted to a
user-defined region of interest (ROI). A thresholding operation
is applied with a threshold determined as the mean value inside
the defined ROI. The segmented pixels are dilated by a circular
object with a radius of 1 voxel. The resulting mask volumes
are forward projected into the 2-D projection images which
belong to the corresponding heart phase. The 2-D mask images
combined with the log-transformed projection images are used
for catheter removal. In this paper, a low-frequency-based
object masking called Subtract-and-Shift (SaS) is used for the
removal of the catheter in the 2-D projection images [6]. The
algorithm makes use of the fact that many dense objects do
not absorb all incident radiation. Therefore, some remaining
anatomical structure is still available within the region overlaid
by the object and should be used by an interpolation algorithm.

The resulting projection images are used for ECG-gated
filtered backprojection reconstruction to provide volumes with-
out catheters and electrodes. These reconstructions using the
catheter removed projections are denoted as cathFDK.

B. Cardiac Motion Estimation

In order to estimate the cardiac motion, one heart phase
needs to be chosen as reference phase. The corresponding
volume is the reference volume and all other volumes are
registered separately to the reference volume. The 3-D motion
vector field is derived by optimizing an objective function
Lxcc(8mm), with the vector 8y, € REm denoting the
motion model parameters between two heart phases, such that
the negative normalized cross correlation (NCC) between the
(catheter removed) ECG-gated volumes is minimized. The
optimization is performed with an adaptive stochastic gradient
descent optimizer. The motion is parameterized by cubic
third-order B-splines with uniformly spaced control points
Cs x Cs x Cys. Every control point has its own parameter
vector, defining the number of motion model parameters as
Kunm = 3(Cs + 3)3. In order to estimate the cardiac motion
over the whole scan, the optimization needs to be performed
between all K —1 heart phases, resulting in an overall motion
vector dimension Ky, = (K —1) K. In this paper, a toolbox
for nonrigid registration of medical images called elastix is
used for the 3-D/3-D motion estimation [7]. A multi-resolution
scheme of 4 levels is used with a sampling factor of 2 on each

pyramid level. At the highest image resolution a number of
Cs = 16 control points are used in each spatial dimension.

C. Motion-compensated Reconstruction

The estimated motion vector field is incorporated into a
voxel-driven filtered backprojection reconstruction algorithm
which compensates for the motion [8]. The motion correction
is applied during the backprojection step by shifting the voxel
to be reconstructed according to the motion vector field.

Using no catheter removal for the initial volume reconstruc-
tion, the resulting motion-compensated reconstructed volumes
are denoted as FDK-MC. When the CAR approach is used
for the initial image reconstruction and motion estimation,
but the motion-compensated reconstruction is performed with
the original measured projection images, the reconstruction is
denoted as cathFDK-MC. If the motion-compensated recon-
struction utilizes the projection images without catheters and
electrodes, the volumes are denoted as cathFDK-MC,;.

III. EXPERIMENTS
A. Phantom Model

A ventricle dataset [9], [10] of a similar design to the
XCAT phantom [11] was created. The phantom dataset was
simulated with a polychromatic X-ray spectrum. We used
a source spectrum FE(b) with 36 energy bins from 10keV
to 90keV, and a time-current product of 2.5mAs per X-
ray pulse. A catheter was simulated coming from the aorta
into the left ventricle. The same deformation as for the heart
was applied to the catheter. The material of the catheter is
similar to copper in order to induce severe streak artifacts in
the reconstructions. The material properties of the catheter,
bones and the bone marrow have the were chosen accord-
ing to the mass attenuation coefficients of the NIST X-Ray
Table!. All other structures are assumed to have the same
absorption behavior as water with different densities similar
to the FORBILD phantom?. The density of the contrasted left
ventricle bloodpool was set to 2.5 g/cm?®, the density of the
myocardial wall to 1.5 g/cm? and the contrasted blood in the
aorta to 2.0 g/cm®. Poisson distributed noise was added to the
simulated projection stacks such that the noise characteristics
of the reconstructed images fit those of the clinical data.
As gold standard, static projection images of the phantom
with a catheter were generated without noise. The phantom
projection data and geometry are publicly available and can
be downloaded from https://conrad.stanford.edu/data/heart.

The phantom dataset was simulated with similar parameters
as used for clinical acquisitions of porcine models [5], [4].
The acquisition simulation was performed over 14.5s captur-
ing 381 projection images at an angular increment of 0.52°
during one C-arm sweep. The isotropic pixel resolution was
0.31 mm/pixel (0.19 mm in isocenter) and the detector size
1240 x 960 pixels. The heart rate was set to 131 bpm. For the
phantom dataset, a strict gating was performed, i.e. only one
projection per heart cycle is used for reconstruction. A total
of 32 heart cycles were acquired resulting in 12 reconstructed

Uhttp://physics.nist.gov/PhysRefData/Xcom/html/xcom1.html
Zhttp://www.imp.uni-erlangen.de/phantoms/thorax/thorax.htm
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Table I: The rRMSE and UQI of the dynamic phantom model
with a catheter for all K = 12 heart phases as mean and
standard deviation.

Method rRMSE UQI

FDK-MC 0.85 £0.34 0.84 £ 0.01
cathFDK-MC  0.62 4+ 0.43  0.94 £ 0.01
cathFDK-MC;  0.58 + 0.52  0.97 £+ 0.01

heart phases. Image reconstruction was performed on an image
volume of (25.6 cm)? distributed on a 2563 voxel grid.

B. Clinical Data

A clinical patient dataset acquisition was performed using
an Artis zeego system (Siemens AG, Healthcare Sector, Forch-
heim, Germany). The acquisition time was 14 s capturing 381
projection images with 26 f/s at an angular increment of 0.52°
during one C-arm rotation. The isotropic pixel resolution was
0.31 mm/pixel (0.19 mm in isocenter) and the detector size
1240 x 960 pixels. The heart rate was stimulated through
external heart pacing to 115bpm, which is lower than the
frequency used for the phantom model (131 bpm). The width
of the gating window was set to 10% of the heart cycle,
resulting in ~ 34 projections for the reconstruction of an
initial image at a specific heart phase. For this dataset, 10
heart phase volumes were reconstructed at a phase increment
of 10%. A volume of 91 ml undiluted contrast agent fluid
was administered in the pulmonary artery at a speed of 7 ml/s
beginning 13s before the X-ray rotation was started. The
X-ray delay was determined by a test bolus injection. Image
reconstruction was performed on an image volume of (25.6
cm)? distributed on a 256% voxel grid.

IV. RESULTS AND DISCUSSION
A. Phantom Model

For the dynamic phantom data, the 3-D error and a quanti-
tative 3-D image metric can be evaluated. The gold standard
image of the non-gated FDK reconstruction using all projec-
tions of the static heart phantom of the same heart phase is
shown in Fig. la. The error as well as the image quality
metric were evaluated inside a volume of interest around
the ventricle. The region of the catheter was also excluded
from the evaluation, since the catheter motion was not in
the focus of the cardiac chamber imaging. The relative root
mean square error (RMSE) was used to quantify the 3-D
reconstruction error. The results were averaged over all heart
phases, resulting in an overall rRMSE. As a 3-D image quality
metric the universal image quality index (UQI) was computed
[12]. The UQI ranges from —1 to 1, with 1 as the best overlap
between both reconstructions. All results were averaged over
the heart phases, resulting in the overall UQI. Looking at
the quantitative results in Table I, the cathFDK-MC; and
the cathFDK-MC outperform the FDK-MC reconstructions.
For the cathFDK-MC;, the rRMSE is reduced by 27 % and
the universal image quality index (UQI) improved by 13 %
compared to FDK-MC.

The reconstruction results for the phantom data are shown
in Fig. 1 for a heart phase of 30%. The non-gated FDK

reconstruction suffers from motion blurring artifacts as can be
seen in Fig. 1b. The catheter causes severe streak artifacts in
the ECG-gated reconstructions (Fig. 1c). Motion compensation
does not eliminate these streak artifacts since the motion esti-
mation is disturbed by them (Fig. 1d). The cathFDK (Fig. le)
shows less streak artifacts and consequently the corresponding
motion compensated image shows a much better image quality
(Fig. 1f). In Fig. 1g, the cathFDK-MC,; result is presented, only
minor streaking artifacts are visible in the reconstruction. As
a post-processing step, the segmented catheter can be added
to the cathFDK-MC; reconstruction (Fig. 1h).

B. Clinical Data

The reconstruction results for the clinical patient dataset
are presented in Fig. 2 for a systolic and a diastolic heart
phase. It can be seen that artifacts overlay small left ventric-
ular structures in the systolic and diastolic ECG-gated FDK
reconstructions (cf. Fig. 2a and 2b, indicated by the arrows).
The image quality of the motion-compensated reconstructions
using cathFDK-MC,; is improved considerably compared to
the initial images (cf. Fig. 2c and 2d).

V. SUMMARY AND CONCLUSION

For cardiac image acquisition with a C-arm CT, it is nec-
essary to include the cardiac motion in the reconstruction. In
this paper, we have presented cardiac motion estimation from
initial 3-D volume data sets with a deformable B-spline regis-
tration. If a dense object is present inside the scan field of view,
the undersampled ECG-gated initial images suffer from streak
artifacts which disturb the motion estimation. The shadow of
the dense object has to be removed from the 2-D projection
images as a preprocessing step before the reconstruction of
the initial images. Using these volumes, motion is estimated
with an improved accuracy. No further image enhancement and
processing is needed. For motion-compensated reconstruction
of sparse structures like the catheter, different algorithms can
be used [13]. The phantom simulation study shows quantita-
tively the benefit of the proposed method. Clinical preliminary
motion-compensated reconstructions of a patient dataset are
promising.

Disclaimer: The concepts and information presented in
this paper are based on research and are not commercially
available.
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