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cardiology,
anatomical and functional information of the cardiac chambers,
e.g. the left ventricle, would have an important impact on diagno-
sis and therapy. With the technology of C-arm CT it is possible
to reconstruct intraprocedural 3-D images from angiographic
projection data. Due to the long acquisition time of several
seconds, motion-related artifacts, like blurring or streaks, occur.
Therefore, the heart dynamics need to be taken into account in
order to improve the reconstruction results. When it comes to
the evaluation of different motion estimation and compensation
algorithms and techniques of motion analysis, there is still a
lack of comparability of the final reconstructions and motion
parameters between the research groups. Since the results are
heavily dependent on the applied motion pattern and simulation
parameters, the experiments are not reproducible. We try to
overcome these problems by providing varying left heart ventricle
phantom datasets, consisting of projection images as well as
extracted surface meshes. Up to now, there are six different
datasets available: one with a normal sinus rhythm, one with
a normal sinus rhythm and a catheter, one with a lateral wall
defect of the ventricle, two with a lateral contraction phase shift
and one without any motion. The existing datasets are based on a
phantom similar to the 4D XCAT phantom with a contrasted left
ventricle, myocardium, and aorta. The geometry calibration and
acquisition protocol from a real clinical C-arm scanner are used.
A webpage is provided where the data and the necessary files are
publicly available for download at conrad.stanford.edu/data/heart.

I. INTRODUCTION

A. Purpose of the work

The 3-D reconstruction and analysis of cardiac chambers
using C-arm CT (rotational angiography) is a challenging
field of research. During a rotational acquisition with a C-arm
system, the heart chambers, e.g. the left ventricle, are con-
trasted. Due to the long acquisition time of several seconds,
motion-related artifacts occur, for example blurring or streaks,
when applying a conventional standard FDK reconstruction
algorithm [1]. Therefore, the cardiac motion needs to be
integrated into the reconstruction process. In order to allow for
comprehensive evaluation of different algorithms, we provide
different phantom models with various contraction abilities.
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For each phantom model, the monochromatic and polychro-
matic 2-D projection images, as well as pre-processed, i.e.
redundancy weighted, cosine weighted, and ramp filtered,
projection images are available. The geometry as well as
the linear relative heart phases are provided. Furthermore,
dynamic surface meshes are generated to enable wall motion
analysis and different kinds of motion estimation algorithms.

B. State-of-the-Art

Several phantoms, either physical phantoms [2] or numerical
phantoms, which depict realistic anatomy [3], exist. Some
phantoms also model different artifact sources like heart or
breathing motion [4]. They all allow a qualitative and quantita-
tive evaluation, but the generation of the projection data varies
and does not always reflect realistic acquisition scenarios.
One existing online platform already provides projection im-
ages for cardiac vasculature [5]. However, algorithms dealing
with the motion from cardiac chambers suffer from different
artifacts compared to the coronary arteries and hence different
algorithms need to be developed and tested accordingly.

II. LEFT VENTRICULAR HEART PHANTOM
A. Coordinate Systems and Transforms

The origin of the 3-D world-coordinate system is set to the
C-arm iso-center and the space unit is set to millimeter. The
basic geometrical relationship of a voxel £ € R? in world-
coordinates and a pixel u € R? of the i-th projection image
is described by a 3 x 4 projection matrix A; in homogenous
coordinates [6]:
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where u; denotes the pixel coordinate in homogenous coor-
dinates. An illustration of the projection geometry is given in

Figure 1. S denotes the X-ray source, D the detector plane
and O denotes the origin of the image plane.
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B. 4D XCAT-based Phantom Datasets

For the simulation of the anatomy and motion pattern of
the phantom, the 4-D XCAT phantom [3], [4] is used. The
phantom is based on 4-D tagged magnetic resonance imaging
data and 4-D high-resolution respiratory-gated CT data of
human subjects. In Figure 2a and 2b the anterior and left
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Figure 1: Scheme of the projection geometry.

sagittal view of one generated phantom dataset is shown.
Up to now, two different absorption models are simulated,
monochromatic and polychromatic absorption.

1) Monochromatic Phantom: Based on the assumption that
all materials have the same absorption as water, the left
ventricle’s bloodpool density was set to 2.5 g/cm3(1500 HU),
the density of the myocardium wall to 1.5 g/cm® (500 HU) and
the blood in the aorta to 2.0 g/cm? (1000 HU). The density of
the other materials is set to densities similar to the FORBILD
phantom!.

2) Polychromatic Phantom: A source spectrum E(b) with
b € [1, 36] from 10 keV to 90kvp peak voltage and a time
current product of 2.5mAs per X-ray pulse was simulated.
The bones and the bone marrow, have the material properties
according to the mass attenuation coefficients of the NIST X-
Ray Table?. For all other structures it is assumed that they
have the same absorption behavior as water with different
densities similar to the FORBILD phantom!. The density of
the ventricular bloodpool, myocardium and aorta is the same
as in the monochromatic simulations from Subsection II-B1.
Additionally, it is possible to simulate a catheter coming from
the aorta into the left ventricle. The catheter has the material
properties of copper? and moves according to the heart motion.

C. Projection Generation

The 2-D projections are generated with a real acquisition
scenario and geometry calibration from a clinical angiographic
C-arm system. The simulated protocol is a clinically available
protocol for cardiac procedures. The acquisition time is set
to 5s with 133 projection images covering 200°. The pro-
jection images have a dimension of 1240 x 960 pixels with
an isotropic resolution of 0.31 mm/pixel. The distance from
source to detector is about 120cm and from source to iso-
center about 80cm. The generation is based on ray casting
as described in [7]. The path segments through the different
materials of the scene are determined and the absorption model

Uhttp://www.imp.uni-erlangen.de/forbild
Zhttp://physics.nist.gov/PhysRefData/Xcom/html/xcom1.htm]

is evaluated according to Lambert-Beer’s Law [8]. A more
detailed description of the projection generation can be found
in Maier et al. [9]. The projection matrices, as described
in Section II-A, were obtained from an offline calibration
procedure. An example of a simulated monochromatic and
polychromatic 2-D projection image is given in Fig. 2c and
Fig. 2d.

D. Surface Mesh Generation

Surface triangle left ventricle (LV) meshes can be generated
due to the used analytic spline model [9], which describes
the 3-D left ventricle anatomy as well as the motion path.
The splines can be sampled at any number of points. In our
experiments, we sampled the spline at about 2500 surface
points. In Figure 2e and 2f, triangulated LV surface meshes
are illustrated.

E. Cardiac Motion Defect Integration

As described in [9], a spline is used to model the 4-D
motion. For every normalized time point ¢ € [0,1] of the
whole scan there exists a 2-D spline surface s € [0,1]2.
Each spline is defined by control points ¢ € R? with a one-
to-one mapping from 3-D coordinates C' € R3 to the 2-D
control points ¢ given by the XCAT phantom [4]. In order to
incorporate a motion defect, a region in which the motion
is pathological has to be defined. Up to now, we do this
using a box B within the coordinate system of the heart, i.e.
a local coordinate system where the z-axis is aligned with
the long axis of the heart. Each spline control point C' is
clipped against the volume B, generating a list Cqp, of control
points inside the pathological volume, where the complete set
of all control points is denoted as C. During the tessellation
procedure T'(s,t) : R? — R3, the 2-D spline surface points s
are assigned to a 3-D coordinate x(¢) = T'(s,t). This is done
for each normalized time point ¢ of the whole scan. In order
to have a smooth transition between B and the healthy LV
surface, a flexibility parameter o is introduced, where a larger
value of ¢ results in a smooth defect, while a small value yields
sharp transitions between pathological and normal tissue. The
model incorporates two kinds of motion defects: akinetic and
dyskinetic wall motion. The akinetic motion defect prevents
contraction or inward motion of the heart in the affected area.
A dyskinetic motion is a contradictory movement of the heart,
here a delay in the heart motion is introduced. The motion
defects can be controlled by a phase shift parameter 6 € [0, 1].
The deformed 3-D coordinate can then be computed as
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The Gaussian basis function w’(s, ¢, t) gives a small weight to
control points far away from the current spline surface point
s and a higher weight to close control points. Effectively,



Zpetn(t) is a linear combination between the transformed
spline point s at the current time ¢ and at a time point t —4J. An
akinetic motion defect can be realized by setting § = t —tq. In
our experiments, we set tg = 0. Hence, the magnitude of the
motion in the pathological volume is minimal compared to the
motion of the remaining LV. A dyskinetic defect models a shift
in the motion phase. This is achieved by setting § to a fixed
value, given as percentage of the heart cycle. Consequently,
Zpqrn (t) is generated from the transformed spline points at the
current time and at an earlier time with a fixed phase shift.
As a result, the motion in the pathological volume is delayed
compared to the motion of the remaining LV.

E Clinical Parameters

In order to classify the relation between the motion defects
described in Section II-E and pathological effects, two clinical
parameters are used: the ejection fraction (EF) and the systolic
dyssynchrony index (SDI):

a) Ejection Fraction: The ejection fraction (EF), is the
fraction of the blood volume that is ejected with each heart
beat. The end-diastolic volume (EDV) and end-systolic volume
(ESV) are used to compute the EF
EDV — ESV

EDV ©
A normal EF has a lower limit of ~50%, below that the
contraction ability of the LV is impaired [10].

b) Systolic Dyssynchrony Index (SDI): The systolic
dyssynchrony index (SDI) quantifies the mechanical dyssyn-
chrony of the LV. It was introduced by Kapatenakis et al. [11]
for 3-D echocardiography. The SDI is computed as the stan-
dard deviation of the time to maximal contraction among the
16 ventricle segments as recommended by the American Heart
Association [12] and is hence an indicator for LV synchrony.
In order to allow comparisons between various patients with
different heart rates, the SDI is expressed as percentage of
the duration of the cardiac cycle rather than in milliseconds
[13]. Since the SDI represents the standard deviation between
contraction phases, a higher SDI denotes increased ventricular
dyssynchrony. For echocardiography, Kapetanakis et al. stated
an SDI < 3.5+1.8 % as normal [11]. It needs to be mentioned
that the SDI is a relatively new measurement technique of
dyssynchrony and it still varies between the methods of
measurement, e.g. Sachpekidis et al. [14] stated that there exist
variations among the methods, but irrespective of the analysis
software there is an agreement that healthy individuals rarely
have SDI values over 6%.

EF[%] = 100 -

III. EXPERIMENTS AND DISCUSSION

The accuracy of the generation of the 2-D projection im-
ages was already investigated in [9], which showed that the
reconstructions performed with the simulated 2-D projections
and a sharp kernel have less than 1 HU error. The relation
between the introduced pathologies and the clinical parameters
are given in Table I. All six phantom datasets can be used
to evaluate quantitatively the quality of motion estimation
and compensation algorithms (c.f [15], [16]). Furthermore, the

Table I: Motion defect, heart rate (HR), ejection fraction
(EF) and systolic dyssynchrony index (SDI) of the phantom
datasets.

Dataset Motion Defect HR [bpm] EF[%] SDI[%]
Po n.a n.a n.a n.a
p1 none 60 62.37 4.16
P2 20% [lateral] 60 60.40 6.47
p3 30% [lateral] 60 53.65 12.74
N 0 %[defect lateral] 60 38.70 5.05
Ps5 none 60 62.37 4.16

phantom surface meshes can be used to evaluate wall motion
dyssynchrony. The phantom dataset pq is the static phantom
with a relative heart phase of 75 %. The normal phantom p;
without the catheter and the phantom ps5 with the catheter have
an SDI of 4.16 % which is in the upper normal range. The
two phantoms, po with the induced lateral phase shift § = 0.2
(o =0.1) and p3 with § = 0.3 (¢ = 0.1), are clearly classified
to have a moderate or even severe dysfunction. The phantom
with the complete lateral wall defect py (6 =¢—0, o = 0.05)
has a slightly increased SDI value and a very low EF.

A standard reconstruction using an FDK algorithm [1] with
the monochromatic projection data of the static phantom and
a relative heart phase of 75% is shown in Fig. 3a. The
FDK reconstruction of the dynamic phantom p; is shown in
Figure 3b. The defect at the lateral wall of p, is visible in
the reconstruction in Figure 3c and indicated by the arrow.
A reconstruction of ps with the polychromatic projections,
normal contraction and the simulated catheter is given in Fig.
3d.

IV. SUMMARY AND CONCLUSION

We presented publicly available left ventricle phantom
datasets in order to evaluate motion analysis parameter and
reconstruction algorithms for C-arm angiography. The major
benefit of our projection datasets is the realistic setup and
phantom data generation. Furthermore, the surface meshes
provide possibilities for specific motion estimation algorithms,
as well as to study ventricular wall motion. Up to now, six dif-
ferent projection datasets (monochromatic and polychromatic)
that are simulated based on a numerical model consisting
of anatomical and physiological data from patient data are
available on the webpage (conrad.stanford.edu/data/heart).
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