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Abstract—Anatomical and functional information about the the dynamics of the ventricle need to be taken into account.
cardiac chambers is a key component of future developments A standard cone-beam reconstruction (FDK) [2] averages ove
in the field of interventional cardiology. With the technology of 5| heart phases and has no temporal resolution. Theredore
C-arm CT itis possible to reconstruct intraprocedural 3-D images . . . ’
from angiographic projection data. Some approaches attempt to mothn compensated tomographic reconstructlon.for thethea
add the temporal dimension (4-D) by electrocardiogram (ECG)- Ventricle should be developed. An accurate estimate of the

gating in order to distinguish physical states of the heart. motion would also provide a direct analysis of the temporal
However, for the left heart ventricle scanned during one single characteristics of the ventricle.

C-arm sweep, this approach leads to insufficient projection data

and thus to a degraded image reconstruction quality. B. Sate-of-the-Art

In this paper, we evaluate the influence of different interpolation . . .

methods for a motion compensated reconstruction approach for ~ Different approaches for recovering ventricular shapesfr
the left heart ventricle based on a recently presented 3-D dynamic angiographic data using biplanar angiographic systemdean
surface model. The surface model results in a sparse motion found in the literature [1], [3]. These systems can acqui@ t
vector field (MVF) defined at control points. However, to perform orthogonal projection images simultaneously. Howevechsu

a motion compensated reconstruction a dense MVF is required. biol ¢ . t ible to all diologist
The dense MVF can be determined by different interpolation & PlP!anar systém Is not accessivbie 1o all cardiologists.

methods. In this paper, we evaluate thin-plate splines (TPS), the Another approach records an ECG signal during acquisition
Shepard's method, simple averaging, and a smoothed weighting and a relative heart phase is assigned to each projection.
function as interpolation functions. The 2-D overlap of the Commonly, the heart phases are then denoted as a percentage
forward projected motion compensated reconstructed ventiie panyeen two successive R-peaks. In order to improve terhpora
and the segmented 2-D ventricle blood pool is quantitatively uti th truction i f d with the stib$
measured with the Dice similarity coefficient and the mean de- resolu '_On'_ e recon.s r_uc_lon IS per (_)rme wi . e subze
viation between extracted ventricle contours. Preliminary results the projections that lie inside a certain ECG window centere
on heart ventricle phantom data, as well as on clinical human at the favored heart phase [4]. As an example, for a 5s acqui-
data show the best results with the TPS interpolation. sition time and 60 bpm five intervals contribute to one heart
phase. The ECG-gated approach works well for the sparse and
_ high contrasted structure of the coronaries [5]-[7]. Hosvev
A. Purpose of this Work for the heart chambers an insufficient number of projections
There is increasing interest in three-dimensional imagir@je acquired in a single scan. Consequently, multiple ssveep
of dynamic cardiac ventricular shapes, e.g. left vent(ioly ~ of the C-arm have to be performed in order to acquire enough
motion, for quantitative evaluation of cardiac functioncu projections for each heart phase [8], [9]. The longer imagin
as ejection fraction measurements and wall motion analjme results in a higher contrast burden and radiation dose f
sis. Typically these parameters are estimated based on 2hP patient.
projections from two or less views [1]. The 2-D approach this paper, we perform a motion compensated tomographic
lacks information about the 3-D shape of the LV. A 3-Deconstruction with projection data from one single C-arm
reconstruction with projection data from a short-scan srmsweep. As a first step, a dynamic surface model of the LV
the physician to assess the LV in all spatial dimensions. Difegenerated to extract a sparse MVF [10]. The LV surface
to the long acquisition time (a few seconds) of the C-armjodel is reconstructed from a set of ECG-gated 2-D X-ray
projections such that the forward projection of the recon-
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I. INTRODUCTION



[12]. For computed tomography (CT) image reconstructiomhere I € R3*3 is the identity matrix. In order to solve
different interpolation methods for cardiac motion were inEquation 1 for eachy, setd(x, ¢r) = d(¢x) for x = p;(ox).
vestigated by Forthmann et al [13]. However, the main foci®&nce Equation 1 is linear in;(¢r), A(dx), andb(¢y) it can
of the reconstruction was on the sharpness of the coronaribe solved in a straightforward manner [15].
Furthermore, C-arm projection data displays differenttiast The resulting spline coefficients and affine parameters are
conditions and suffers from a lower temporal resolutiomtha inserted in Equation 1 in order to evaluate the spline at
conventional CT scanner. Therefore, it is not evident thet tany arbitrary 3-D point. A motion vector can therefore be
same interpolation methods yield the same results. computed for every voxel in the reconstructed volume.
C. outline 2) Linear Interpolation: All surface control points inside a
) ) . . . ) radius R (here: 2cm) around the poiat are determined and
In this paper, we investigate different interpolation noetst 1,4 resulting displacement vectdta, ¢;,) is a weighted sum

a thin-plate spline (TPS) interpolation [14], [15], the Bbed's ¢ e corresponding displacement vectors:
method [16], a simple averaging, and a weighting function

based interpolation method. The interpolation methodsewer N
evaluated by comparing the image results of the motion com- dw,dr) = Y G*(x—pi(on)di(dr), 4)
pensated tomographic reconstructions with the gold standa . i=1
of the segmented original projection data. G'(z) = fl2)-I, (6)
Il. SURFACE BASED MOTION COMPENSATED where f is a weighting function. Functiory weights the
RECONSTRUCTION displacement vectors according to the distance of the abntr
A. Surface Mode point p;(¢x) to the pointa.

. . L a) Smple Averaging: Here the resulting displacement
The basis of the motion compensated reconstruction is Rb'gctord(gc, o) is a simple average of the displacement vectors

dynamic 3-D surface of the ventricle with its control pointsOlt the surrounding control points. Thus the functignwith

pi(¢r) € R3, with i = 1,..., N where N is the number of : : . : .
control points for each heart phasg [10]. For reconstruction M denoting the number of control points used is defined as:
a reference heart phasgg is selected. Displacement vectors @) L |z| <R ©)

flx) = - 6

di(¢r) € R? between the control points in the reference heart M
0 else
phasepy and the current heart phagg can then be computed.

B. Interpolation Methods b) Weighting Function: Here the functionf is a cosine-

. based smoothing function:
In order to perform a motion compensated tomographic

reconstruction, a dense M_VF nee_ds to be generated from the L1 +cos(BX) |z| <R
sparse MVF. Therefore, different interpolation methodsewe f(x) = 0 else (7)
evaluated.

1) Thin-Plate Splines(TPS): The deformation of the con- where A/ denotes a normalization constant such that
trol points over time can be represented by a TPS transforrTE-jf‘i1 f(z;)=1.
tion. The TPS approach assumes that the bending and stretch- ¢) Shépard’s Method: Here an inverse distance weighting
ing behavior of the left ventricle is similar to the bendinigao s applied according to the distance from the consideredtpoi

thin plate. TPS have already been applied to estimate cardig then closest control points [16]. The functighis therefore
vascular motion of CT data [17] and ventricular motion Ofiefined as:

MRI data [18]. ||e]|5
The TPS coordinate transformation with its displacemeaots f flx) = L ,H—I' (8)
. . 3 - . . =1 2112
an arbitrary pointc € R” is given as:
N We setn empirically to 30 in this paper.

d(x, or) :;G(w_Pi(¢k))ci(¢k)+A(¢k)w+b(¢k)7 @O Cutting
where the spline coefficients;(¢;) € R of the TPS are N order to reduce the computational complexity we assume

determined by the control points;(¢;) € R? and the dis- that the left ventricle is the central moving organ inside th
placementsl;(¢x) € R? of the control pointsA(g;,) € R3x3, scan field of view. Therefore, a dense MVF is computed inside

b(4,) € R3 specify an additional affine transformation tghe ventricle and within a neighborhood around the extracte

which the spline reduces farther away from the control goinSurface of the first section of the ascending aorta and the
The transformation’s kernel matri@ (z) € R3*3 of a point Vventricle. Hence, the considered set of poiftss given as:

€ R3 for a 3-D TPS is given according to [15]:
v g g to [15] P=f{a|lle-poldn)lle <1, ©)
Gx) = r(z) I, ) : .
wherep, (¢r) is the closest surface control point to the current
r(x) = |lell2 =/27 + 23 + 23, (3) point z. The distance was heuristically set t@ cm.



[1l. EXPERIMENTS “\‘w \ 4 Motion Vector

A. Phantom Data Mogni‘rude (mm) é70

The presented algorithm has been applied to a ventricle d - ;16'0
set comparable to the XCAT phantom [19]. We simulated da - =
using a clinical protocol with the following parameters:539 ~
projection images simulated equi-angularly over an amgul
range of 200 in 8s with a size of 626 480 pixels at an
isotropic resolution of 0.62 mm/pixei0.4 mm in isocenter).
The heartbeat was simulated with bpm. The surface model
consisted of 40 heart phases and 957 control points uniforn
distributed over the left ventricle. The image reconstaorct
was performed on an image volume of (25.6 €rdistributed
on a 258 voxel grid.

B. Clinical Data

The dataset was acquired on an Artis Zee C-arm sys-
tem (Siemens AG, Healthcare Sector, Forchheim, Germaniji. 1. lllustration of a dense MVF of the human data set conpuieh TPS
It consists of 133 projection images acquired over an amgu gget;;e;irrep%cszgea" phase 70% and current phase 20%rsempled for
range of 200 in 5s with a size of 96& 960 pixels at an
isotropic resolution of 0.18 mm/pixeM0.12 mm in isocenter). TABLE |
The patient had a heart rate /60 bpm. The surface model RESULTS FOR THE LEFT VENTRICLE
consisted of 26 heart phases and 961 control points equally

S . . . Phantom
dlstrlputed over the first section of the ascending aortddmd Dice [pixel] <Toel] T
ventricle. Image reconstruction was performed on an image TPS 0.95+0.03 326+£0.37 2.02F0.23
volume of (14.1 cm) distributed on a 256voxel grid. Shepard 0.95+0.02  333+£0.31  2.06+0.20
Weighting Fct. 0.95+£0.02  3.33+£0.27 2.06=+0.17
itati ; Simple Averaging 0.94 4 0.02 3.64+0.33 2.26 +0.20
C. Quantitative Evaluation . . ~_Standard 0944003 4.66+1.91 2.89+1.18

In order to compare the reconstruction quality of the motion Human

compensated reconstruction algorithm, the maximum inten- Dice [pixel] e [pixel] e[mm]
; et TPS 0.93+£001 915+1.22 1.65%0.22
sity forward projections (MIP) of the compensated LVs were Shepard 001 £0.02 1099 %207 185043

generated. Binary mask images were created from the MIPS \weighting Fet. 0.91+002 10.92+3.02 1.97=+0.54

where a value equal to zero defines background and a non-zercsimple Averaging 0.91+£0.03 11.74+2.81 2.11£0.51

value defines the ventricle shape. These binary images wereStandard 088+003 17.60+10.0 3.17+1.80
compared to the segmented 2-D projections from which the

original surface model was built. The overlap of the binediz o )

image and the segmented 2-D projections was analyzed wlhe standard deviation is also much §ma||er wnh the TPS
the Dice similarity coefficient (DSC) [20]. The DSC is definecﬂ:omp""re,d to the standard reconstruction. The widely used
in the range of0, 1], where0 means no overlap anddefines Shepard s method and the weighting function prowde é&ght
a perfect match between the two compared images. Since fif§rior results compared to the TPS. The Dice coefficient
motion compensated reconstruction improves the sharmies§h°WS similar results betwe_en all interpolation methodsels

the ventricle contour, the similarity of the contours of th@S for the FDK reconstruction.

projection images were evaluated with the mean deviatig] Clinical Data

between the contours denoted gywhere a smalk denotes

a similar contour. The results were averaged over all heartn Table I the results for the human left ventricle are
phases. listed. The best motion compensated reconstruction isnagai

performed with the TPS interpolation method. The contour
IV. RESULTS AND DISCUSSION deviation ¢) improved by ~9pixel which corresponds to
In Figure 1, an MVF of the human data set between tHe62 mm compared to the standard FDK. The patient had a
reference heart phase at end-diastole and the current h&galthy ejection fraction o&75%. The standard deviation is
phase at end-systole are illustrated for the TPS. also much smaller with the TPS compared to the standard
reconstruction. The widely used Shepard’'s method and the
A. Phantom Data weighting function provides slightly inferior results cpared
In Table | the results for the phantom left ventricle aréo the TPS. The Dice coefficent again shows similar results
reported. The best results were obtained with the TPS interfpetween all interpolation methods as well as for the FDK
lation method. The contour deviatios) (mproved by~2 pixel reconstruction.
which corresponds tb.24 mm compared to the standard FDKIn Figure 2 the results of different reconstructions arastl




tive.

(1]

(2]

(a) Standard FDK reconstruction.(b) Nearest-Neighbor ECG-gated re- [3]

construction for 20% heart phase (5
views).

(4]
(5]

(6]

(7]

(8]

(c) Motion compensated reconstru@) Motion compensated reconstruc-

tion for 20% heart phase. tion for 70% heart phase. E)

Fig. 2.  Reconstruction results of the human left ventriclehvthe TPS
interpolation (W 3000, C 1200, Slice Thickness 3.0mm). The Efa&d

reconstruction was windowed to be visually comparable. (10]

trated. The standard reconstruction in Figure 2(a) exhibijt1]
blurring around the LV. In Figure 2(b) it can be observed
that the ECG-gated reconstruction lacks LV structure. In
comparison, the motion compensated reconstruction shows[e]
expansion in diastole and contraction in systole of the LV,
respectively (Fig.2(c),2(d)). [13]

V. CONCLUSION

In this paper, we investigated the influence of differert4
motion interpolation methods for a left ventricle motiomto
pensated tomographic reconstruction. The best quanétatil5]
results (Dice coefficient, mean contour deviation) of a pbian
and human data set were achieved with the TPS interggs
lation approach. The Shepard’s method and the weighting
function might be a good compromise between computatiortaf!
efficiency and accuracy. In conclusion, motion compensated
reconstruction improved the reconstruction results cortpa [18]
to a standard reconstruction.
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